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I^RODUCTION 

Many universities and collegts art now offering courses showing "■ 
how physics rtlates to music and art* HoweVerj most laboratory exr 
perlmants In the past have been designed for future physicists » and 
tend to "turn off" art and music students. It was our aim In putting 
together this manual i to design a series of experiments which would 
be stimulating* and instructive to students of tne arts, whose approach 
to experimentation is so different from science students. 

The experiments in some cases^ duplicate certain features^ s1nc€ 
they were devised by different groups* However^ it is felt that in , 
order to circulate this for use in the immediate future, it would be 
better not to alter them. The experiments are of very varied character 
and level, and it is hoped that different sections will appeal to dif- 
ferent teachers* ^ 

In discussing an experimental course for musicians and artists, 
we must first consider what concepts we wish to convey. The "scientific 
approach" is probably the most Important new idea .to students whose 
primary motive is to influence our senses, although to^put down 1n con- 
crete terms what is meant by this approach is often difficult. The first 
consideration is probably to define the problem. In many cases 1t is 
more important to ask the right question than to find the right answer, 
since there is no advantage to answering a trivial question. In the 
first experiment, for examples one might ask^ 1s there a relationship 
between the period of a spring and the mass it supports? Such a causal 
relationship was not obvious to the early scientists , and the somewhat 
mystical way in which Robert Hooke describes his experiments makes 
Interesting reading today. Then we may ask, how can we ^tudy such a 



• relationship? Pr^yslclsts differ from obserTatlbnal scientists, such- • 
.as geologists or. botarflsts, 1n generany trying to perfonn experiments 
in a laboratory under control ltd conditions, with the accompanying problems 
of -accurate ffleasurement. Thirdly comes the analysis of the results, and 
the conflnnlng or refuting of a mathematical relationship between the 
quantities; being observed, to some known degree of accuracy. The problem 
of accuracy, even if treated in. a^ery elementary way, is of importSnce. 
slnce' many.pi^sicaLlaws (e,g. those of Newton) are obeyeTonly approximately 
-Lasp, we^^ ask, how do these results relate to other things, such as 
other propertlesV matter, and 1s there a more fundamental explanation 
for -the riesults, fitting into the general pattern of physics - for example. 
In the case of Hooke's Law, this would be in terms of the atomic and 
molecular forces^f a solid to tfie extent that they are linear-^or propor- 1 
tlohal to displifieBant to a first^pproximatlon. 

In addition to the logical deduction fron observation, which is 
the basic mechanism physicists use to develop their science, we must ask 
what branches of physics are of most interest, or relevant, to musicians 
and artists. In addition, within such branches we wish to introduce con- 
cepts, or perhaps a way of looking at things^ -which would not otherwise 
occur to the student, but the way 1n which we introduce these concepts 
must be such that they become or bear directly on, the way of life of the 
student. The object 1s to use, as examples, things with which the student 
comes into constant contact, to reinforce what he has been told%or found 
out. The problem with many element^/ science coi^es 1s that the sub- 
jects^of study are frequently not things with which the student normally 
comes into contact. He may see^a Geiger counter once in his life, but 
the concept works the wrong way'round. He says - gee whizz - a Geiger 
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counter - that^s the thing I did in the physics course. But what we would 
like him to say Is - I must change the strings on, my vioHn, they are non- 
uniform, and that produces poor harmonics, as I showed myself in physics. 
The point being, he will\nownvhy his violin sounds poor. What aspects 

of physics, then, are useful ^to musicians and artists? 

To start with* we must examine the overlap between art, music, 
and physics. Their common meeting place lies in wave motion. Musicians 
are interested in sound, and artists in light - even' scul^ors look at 
the play of ^ight on their statues. Hence, we must clearly emphasize ex- 
periments on sound and light. 

Experimental physics courses conyentionally start with an exercise 
on vectors, followed by experiments on velocity, momentum and energy. Time 
effectively rules out such experiments for music and art students, and it 
Is better to insert such concepts into other experiments , using the re- 
lationship between energy and intensity for waves, both in the case' of 
y'ght and sound, and showing that power in watts of sound or light is the ' 
^ame as the wattage on a light bulb, ^We have found that it is nfrcessary 
to devote the larger part of the course to these experiments on wave motion, 
light and sound, if Students are to get a tMorough understandinq A cur- ^ 
sory survey proves useless since the sludr^nts are unable to follow the 
new, and to them rather esoteric, ideas. 

The initial experiments should be devoted tf^he general concept 
of vibrations - amplitude, frequency, and the nature and types of tone 
producing simple harmonic motion. There are advantageG to using .springs 
' to provide the S.H.M^ force/either a weight on a spring, or a ^glider on 
a linear air trough since liookp's Law can discussed, which is later 
used to'exp.lain vibrations in musical instruments, reeds, gongs, strings 



and so forth. The extension of Hooka's taw to wave motion cin be 
demonstrated By hooking^ together successive weights^ or gliders^ using 
springs. Such experiments are given in the text. 

In connection with frequency and amplitude. It is use'ful at this 
.stage that ^usic students should be capable of associating their Intuitive 
or trained concepts of pitch andjoudness w1th"^he physical ^quantities 
Hertz and intensity. ^ This can be done simply by clamping a piece of spring 
steel to* the table so the vibration can Aasily be seen at low frequency* ' 
and the pitch heard to go up as the length_^v1brating is shortened. The ^ 
amplitude of vibration is also clearly seen to be associated with .loudness, 
A next , step might be the idea of traveling waves. The concept of wave- 
length and velocity, and their relationship to frequency should be de- 
monstrated. A suitable experiment for this. 1s the speed of sound in air 
' given in the text. This is concjeptual ly simplier and aesthetically more 
appealing th-an the usual experiment involving a tuning fork and resonant 
wa^er filled tube. Logicany the next subject should be standing waves^ 
leading to vibrations in musical instruments. Waves on strings are con-* 
venient to start with, since such waves are easily visualized. Standing 
waves on- strings can be used to demonstrate modes of vibration , harmonics 5 
and the relationship between tension, mass per unit length, speed, wave- 
length and frequency on a string, It is particularly interesting to use 
a non^uniform string to demonstrate anhfrmonic modes, since it Is dif- 
ficult for non-music students to realize the Importance of using a uniform 
string to obtain a pleasant, harmonic tone. 

Experiments on standing waves in pipes should follow those on 
strings, emphasis being placed on demonstrating the odd harmonics found 



^n a closed pipe, and the full range of harmonic found in a pipe 
open at" both ends or a conical pipe. 



Having experimented on the one dimensional wa9e rtiotlon occuring 
^ in pipes and on strings, it seems logical to extend to two and, three 
dimensions. The concept of Inttrference provides us with a convenient 
method to Introduce this. Two dimensional twin source l^erference can 
easily be demonstrated using a rjpple tank|"and then^extended to two souncK 
sourcfeSp such as loudspeakers or 40 kc transducers. The latter have the 
advantage and disadvantage ot being inaudible^ and the InterferenM field 
is cortyeniently small. Then one can go to light sources, Ising^ laser. 
This emphasizes the common^ qualities of wave motion. It also serves to 

Introduce light as a wave motion, and further experiments on the wave ^ 
riature of light follow natur/ally. Experiments oh the velocity of light 
are rather complex and involved^ and best omitted except for bright student 
The relationship between color and wavelength is quite Involved, because 
of a^ intuitive perceptual feel for colorj and one or two periods are 
best spent to drive^ home what is meant by continuous and discreet spectra, 
additive golor processes ^ the color triangle^ and various optical 11= 

luslons of Importance. These prove intrusting tq the students, since it 

s 

1s something in their everyday life they were gj^erally unaware of, and 
^ *' 

they tend to have a new regard for the analytical approach to everyday 

1 

observations , 

Optical instruments and ray optics is something students should 
be aware of, A knowledge of the working of the camera, telescopes and 
projectors 5 and the optical properties of the eye are particularly 
important to art students. 

The relationship of light and sound to the environmeht should be 
studied,- It 1s Important to know noise levels in various situationSj 
in the gffice, outside , near a car etc, and this can be conveniently 



measured with a portable sound level met'ef. Light levels are similarly^ 
^•Nfneasurid with a foot candle m^ter. It Is tmportant for students in the 
media arts to understand the way 1n which illumination, and exposure are 
.^onnected for cameras ^ the product of speed and iperture being crnis-tant. 
• Simila-rly, « knowledge of\be meaning of dB on a sound level meter is * 
something any recoT^dlng artiSt will need. Both sound and light levels 
^should be connected %f1th the fundimentaT' concepts of power and energy, 
• The experiments discussed so far are more than endjugh to fill 
. one semester, and they proceed logically from one point. to the rtext. 

However, we may-well ask the^uestlon^ what other experimenCs *would* 

■ ^ / 

Interest, particularly, art students? Students of ceramics must be in- 
terested in rheology, since the special fluid behavior of clap is of 
"^IfBportance. An experiment on elastic constants, and viscocity might be 
of interest, the effect of temperature etc. . ' 
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V THE VIBRATIONS OF ^ LOAbED STRIN6 



Vtbrat1<!nal proptrtles of a unlfoU/lex 
ends faWn the cornerstone of a large part of What we call music, because 
, the characterlstjc ylbratton frequencies of skh a stflng,, f^, are Integral 
multiples of ^te fundamental vibration frequency,- f^ of the strlngi 

f n = hf^ - n » 1, 2. . . . 

(Tiie short way to say this Is that the string's overtones are harmonics.) 

it is also of Interest to study the vibrational properties of a 
non-uniform string both for practical reasons, and also In order to deepeW 
our understanding of the properties of vibra'ting systanl. String players 
are- all tqo iware that they may have to discard a string before It breaks 
^because It becomes what violin players dall "false". I.e. If two adjacent 
old strings, such as the d and a strings, are tuned to a perfect fifth 
and the two strings are stopped at positions which .should be a fifth higher 
at e and a respectively, this new Interval of a fifth made by these notes 
win be out of tune if the strings are false.' This difficulty ban be 
-attributed to a lacR of unlformtty of the string In either Its mass density 
or Its elastic properties. The problem Is serious to the player because 
a set of new strings for ,4 Violin can cost over twenty dollars. The playlr 
ofteri comprom%es,by contorting his fingers when playing double stops, but 
1t Is a losing battle, better given up before being started.- Ther# Is no 
solution for this problem, but 1t Is perhaps of some Interest to understand 
why the effect occurs. 

A musical Instrument problem wh.1ch may be able to be solved with the 
help of the property of Inhomogineity 1n a string concerns the-^o-called oct< 
stretching'' 1n the tuning of a piano. It has been established By test that 
the amount of octave stretching 1n a large. grand piano is more pleasing 
than that In smaller pianos. It has been shown in a mathematical study 
that an apprferiate small weight added near the end of a piano string can 
considerably leduce the octave stretching effect for that-string. Although 
the Idea has not been pu^t into practice, and may -even be iffiprattfcal^for 
,thus far unexpected reasons, 1t is certainly of interest to understand the 
effect of inhomogineity. , ^ 
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The experiment to be performed concerns the simplest possible in= 
, homogeneity in ^'-siring prpperty: ^ A mass M approximately concentrattd . 
-at a point Is added at a point' a distance 1 from the left (fixed)lend and 
a distance^-1 from the right .(fixed) end of an otherwise uniform string 
of length L(l+1 ^L), density panH tensipn T, The effect w1l> be exaggerated 
for emphasis and ease 1n measurement in that the mass M will be chosen to 
be about as large as the mass m of the entire str1ng^'(m"pL) . The main, ex- 
^ perimental result will be a comparison of the normal mode frequencies df the 
, loaded and unloaded strings. Before performing the measurements 1t Is useful 
and possible to get a qualitative idea of the results to be expected. Con- 
sider a mode of the unloaded ^.string as. drawn 




We expect that adding some mass to the string will decrease the frequency of 
any vibrational mode becaiise such' a frequency 1s inversely proportional to 
the square/ root of the mass undergoing vibration. If we want to lower the 
frequency of a particular mode as much as possible it Is plausible that the 
\ ' mass be added at a point of the string that Is vibrating most strongly in that 
mode. Any antinode of the mode 1s certainly such a point. If on the contrary 
we attach the mass at a node of a mode we might expect no change in that modo 
^ frequencyl This argument has the consequence that if the mass Is added at a 
fixed point the frequencies of the various modes will each be affected dif- 
ferently; for each of the above reasonings we might even conclude by experi 
ment that the frequency changes are whimsical or random. 

The theory of the vibrations of strings can predict the normal mode 
fj^equencies of our string in terms of' the masses M and m, the length of the 
string L, the distances HI , and^the Tension T in the string, Because of 
the uneven way 1n which the various modes are affected^ the equation for the 
^frequency is implicit, meaning that the frequency appears in such funny ways 
. in the equation that we cannot Isolate it from all other quantities appearing 
' in the equation . Thid l^s a^ common occurence in mathematics and no cause for 
alarm. It merely means that we will use a computer to determine the numerical 
values of the mode frequencies. Just for interest the equation to be solved 
for the frequency, f, is shown here. 

0=g) IZijfi f ; cot (27^ if) ^ rot (2n/| ^'f)\ (1 ) 

x sin (ZTT/m £f) sin (2iTf^ i^f ) 
O J T V ' 
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Equipment and Mater fa Is 
1. 'a stretched plSno wire of diameter 0.020" orrfe^meter long. 
J 2, • A piece of slotted lead shot used by fisj^rmerf;' having a mas? of between 



■ ^ 



Qn& and two gtrams ' ^ 

3, A culer 

A balance ^ x 

5. A loudspeaker driver to drive the string, Tire^eaker 1s fed by an 
aud1(| oscin^or with a sine v^ave output j^ith an Intennediate ampllflersqr transformer 
if needed and Is mechanically coupled to the string rtear one end, A j 
magnetic driver is also a possibility^: '_ "^^^ 

Procedure ^ ^ I 

1, The mass of the lead shot and the mass of the string are measured, 

2, * The string length is measured, - | , . 

3, The frequencies of several modes of the unloa^d string are measured 
by simply tuning the audio oscillator to a frequency that causes a maximum 
excitation for each mode. The tension of the string Is established from 
the fundamental frequency. It Is Important that the mode frequencies be 
measured and not assumed to be harmonics of the fundamental frequency, 
because the piano wire 1s stiff and won't behave exactly like a flexible 
string, 

4, The lead shot is secured to the string at various positions and modal 
frequencies are measured for several modes in each position. One position 
should be reasonably far from dividing the string into two lengths rationally 
related by small Integers. Other positions used should place the mass M 

at 1=1/2L, 1/3L, and 3/4L, It should be explicitly verified that the 

frequencies of modes with nodes at 1/2L, 1/3L and 3/4L are unchanged by the ' ' 

mass M, - 

5, The results of these frequency measurements should be compared with ^ 
.computed values from equation 1, ' 




loudspeaker 

conical dixie cup 
small grooved plastic connector 
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screw 
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THE VIBimTION OF A STIFF STR I N G 

. — •- ■ - r 

J\4 simple theory of vibration of a string assumas that it is in- 
finitely f;iexiblei that is, that a free strTng could be t4nt and held to 
any angle without exerting any force on itr Tills of course Is not true 
for any real strtng becauae all materials have some &t1ffness. Part of ^ 
the other force that Impels^a string to move toward Its original position 
aftfer 1t 1s pushed or struck 1s due to Its stiffness, ^ thef^ore, thr^^ 
vibration of real strings deviates in sortie w^y from the vibration of Ideal 
flexible strings, ^tid one .may expect that as the stiffness of the string 
Increases^ Its, vibrational frequencies will deviate more and more from 
those of an 1d^a\ flexible string. 

In an.ea^l^er experlmentf you have seen that for a flexible string 
the, frequency of'^he string yihm vibrating in its n™ mode (with ,n antlnod.e 
between the ends^^^he string) is 



where T is the tension in newtons, y Is the mass of the string per unit 
length in Kg/m (a rather small number), n is the number of the mode^^r har= 
mon1c being excited, and I is the length of the part of the string that 
is vibrating, . ' . 

So that fg - Zfpfg - 3f^, f^ = 4fp etc. 
This gives rise to the familiar harmonic sequence which can be written 
approximately in musical notation - q 



i 




Suppose we consider^ instead of a flexible string under tension, 
a round elastic rod with its ends clamped^but yithout tension. The 
fundamental frequency f=j 1s given by 

3 ,5608 /stiffness factor ' 



f 



. )8 /sTr 
1 ^2 / mass per unit length 



where i Is the IcHigth of rod between the clamped ends. The oyertones are 
not Integral multiples of the fundamental. Rather^ we have the rather odd 
set of overtones - 

fg ^ 2J565f=| 
f3 - 5,4039f^ 



♦Experiment No, 11 ^4 " 8,9330f^ 
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The velocity of a transverse wave in^a rod Is not independent of the 

frequency I jso one must wHte f^X^ V^, the subscript n on the velocity \ 

Indicating that V is different for the different allowed frequencies f , 
# ^ / , ^ n 

The stiffness faAor In the above equation is given by Q7rr-/4. 
Q is a property of the maferial. firom which the rod is made ^ called Its 
Young's ftodulus of Elasticity and' r Is the radius of the rod. 

As might be expected, the vibration of a stiff string ^ depending 
as it does on both the stiffness and the tension^ is 4 complicated 
pression involving the stlffnes^^ the length, the mass per unit length and 
the tenfion and all gf^ these factors must be spedfieJ^ before f^ and the 
ratios fg/fp ^3/^1* ^^'^ specified. However, ^ rather simpple ap- 

proximation is valid as Igng as the ratio of the stiffness to the tension 
1s not too large • To this approximation, the fundamental frequency f^ Is 



' f ^ f / 1 + i / stiffness s 

; ^ 1 ^ ■] flex ^ * aytension * ^ 

^here f=| 1s the frequency at which the stiff string vibrates in its fun- 

damintal mode when it has a certain length and tension, and f. is the 

- 1 flex 

fundamental frequency of a perfectly flexible string havihg the same mass, 

lengths and tension. We shall call the factor - s 

I ff nes 



J /stTfi 
i J tens' 



non 

the Stiffness Correction (abbreviated S,C,). ' 

To this approximation the'harmonlcs are integral multiples of the 

fundamental, i.e., fg^Zfp f^=3f^ , . . . ^n^'^^r ^^^^ approximation is 

sufficient to account partly for the fact that fretted instruments, such 

as the guitars mandolin, or banjo may be In tune in so far as the open 

strlnp are concerned, but go progressively more out/of tune as they are 

played at higher and higher frets on the fingerboard (1*e., as the fingers 

are placed down near er and nearer the bridge). 
1 ^ ^ 

First, note that J tension increases either as £ or the tension 

decreases^ or as the stiffness Increases. Therefore, this factor, which 
one may call the stiffness correction, increase^- as the string is made 
shorter or less taut, and for a given length and tension, 1t will be larger 
for stiffer strings than fdr less stiffiones. Let us consider how this 
factor affects the intonation of a rather stiff string underflow tension. 



The open A string of .a guitar is normally tuned to 1^0 Hz, If J 
the string Is made to contact the twelfth fret^ 1t should vibrate at 
220 Hz, an octave above the open' string. Suppose this fret were exactly 
at th% middle of tht string ^ as It should be for a perfectly flexible 
string. If the open string 1s tuned to 110 Hz, then 
:^ /f| = fT fi^, (1 +5.0 =^,110 HZ. ,A, 

where S,C. Is the Stiffness Correctftn , . 

Now suppose the string Is pressed against the twelfth fret, The^ 

quantity F. which, 1t will be remeffibered , 1s V " . 

^ ^ 1 flex' ^ ' 2ymass per unit length 

is jloubledj because £ 1s only half as big as it-was. The new f^ is 
^1 (half) ' 2 fi flex (open) S.C,). , 

The new stiffness correction Is different from the old one because 
of the presence of £ in the denominator. When £ is reduced to half, the 
S.C. is doubled. If it remained the same, the new frequency f^ (half) 
would be just twice the old. one and the sounds would therefore be exactly 
on^ octave above the open string. But sir>ce the stiffness correction has 
doubled, the new frequency is in fact ^oo high by an am&unt - 
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2f^ flex (^) y stiffness/tension 
i.e. by 2 f^ ffex-^^^^ S.C.). Th^'s is^ to a good approximatio^h just 

(220 Hz) (old S.C.), and the ratip of t^e new frequency to the^ true octave 

\^ 220 + 220 (old S.CO i ^ ia c r ^ 
IS just — = i + old S.C.s or to recover our mathematics 



f half/ ^octave = ^ + (Z/^open^ystiffne^s factor/tension 



On a properly constructed steeNstring guitar this effect is com- 
pensated by sitting the bridge at an angle so that the fret-to-bf1dge 
spacing is a little larger for the heavy strings than for the light ones. 

However^ on a twelve string guitar^ some adjacent strings are tuned 
in octaves, and are of different stiffness. If such strings are consonant 
. when unfretted, they are out of tune and beat when held tp the lower frets 
because of the stiffness effect. This is a serious problem for the twelve 
string guitarist. 

In the experiment outlined hore^ you will" determine the effect of 
the stiffness of the string by comparing the frequency of a heavy string 
stopped exactly at its cjenter with that of a light string similarly stopped. 



1, Guitar with *010" diameter string tuned to and a ,030" diameter 
string tuned to Eg, with a fret placed at exactly the center of these strings. 

2, Small magnetron magnet mounted on a frame so it can be positioned near 
the string, 

3, Sawtooth^oscniator (or adjustable-width rectangular wave oscillator), 
.amplifier and speaker. . ^ ^ 

4, Sine wave oscillator , amplifier^ transformer, IS ohm to 1 ohm^ 1 offn 
5w resistor. ^ ' / . . 

5, /Clamp for fastening strings against the octave fret, 

PROCEDURE 

/ p = — — 

/ 

/General : 

^ The general procedure is to set the open string Into vibration by 

passing an alternating current through it at its fundamental frequency. 
Since it Is in a magnetic field an eleatromagnetlc force is imposed on 
it that varies at the frequency of the applied alternating current & this sets 
the string Into osci 1 latlon. The frequency of the fundamental Is matched 
exactly with the fundamental of a sawtooth wave generated by a function 
generator. The sawtooth is 1 aft at the same frequency, and the string is 
divided exactly in half by clamping against the "center'' fret, and the new 
frequency Is compared with the second harmonic of the sawtooth. Since this 
second harmonic is exactly one octave above Its fundamental , n^t is also 
exactly an octave above the frequency of the open string. The difference 
between this frequency and the frequency of the clamped string is Just the 
amount by which the frequency of the divided string is 1n error* This 
difference is determined by counting the number of beats per second when 
the half^string and the sawtooth are sounded together. This number of beats 
per second is exactly equal to the difference in frequencies, i.e., it 1s 
the error in the frequency of t|ie half-string, 

- Specific Procedure : 

1, Read all the foregoing carefully. Don^t connect anything to the wall 
socket*untn your circuit has been checked by the instructor, 

2, Tune the heavy string on the guitar to Eg (abou^ 82 Hz) and the light 
string to E^^ (about 330 Hz). 

3, Lay the guitar on its back on the lab table and put the neck rest 
under the the neck near the end. 

* The fret should be a little above the level of the normal frets on the 
guitar, but not touching the strings, 




AMPLIFIER 







MAGNET 




------ ■ ^ 
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4* Position the magnet above the heavy string, as "close 'as possible 
without touching it. The pole faces should straddle t^eH String. 
5, -Connect one output lead from the transfonrier to 'on^ of j the ^ 
string (past the nut) and the other output lead to th%ft^^'ster . Connect 
the other end of of the resister to the other end of tht^Mring between 




the string slot and the bridge, 

6. Connect, the Input leads of the transformer , to the speWer output of 
. one of the -ampl if iers , / 

7. Connect the output from the s1ne-wave oscillator to the tuner Input 
of the amplifier. • ^ 

8. Connect the output of the sawtooth oscinator to the tuner Input of 
the other amplifier. ^ ^ ^ 

9. Connect the speaker output of the amplifier to the speaker, 

10. Set both oscillators to about 80 Hertz, ' ^ 

n. Have \n circuits, settings and mountings checked by your instructor^ 
then plug the instruments into power sockets and turn them on. 

12. Tune the sine wave oscillator carefully over a 10-15 hertz range, and 
watch for oscillations of the string, When these begin, tune very care- 
fully to get the maximum amplitude of vibration of the string. Leave the 
sine wave oscniator at this setting. If the string buzzes against the " 
fret, turn down the amplifier volume control and carefully re^adjust the ^ 
tuning, 

13. Tune the sawtooth oscillator to the same frequency. Dials may be a 
little in error. As the frequency of the tone from the speaker approaches 
that of the guitar string, regular^ changes in loudness will be heard. These 
are beats. They will become slower as the two frequencies get closer to- 
gether. Tune to get less than one^eat in five seconds. 

14. Leave the sawtooth oscillator frequency dial where it is, bu^ turn 
down the amplifier volurpe. Turn off the amplifier driving the string. Move 
the magnet to about halfway between the center of the string and the bridge. 
Clamp the string against the fret. 

15. Turn the amplifier back on, adjust the frequency to about 160 Hz, and 
tune again for maximum amplitude of vibration of the string. 



16. Turn up the volume control on the other ariplifier and count the num- 
ber of beats per second. Record this number. 

17. Turn both amplifiers off^ re-position the magnet over the lighter strin 

18. Repeat parts 12-19, using frequencies of about 330' and 6^ Hz. 

19. If time permits, replace the light string by a wound guitar E string^ 
tuna to Eg and repeat 12-19, ^ - - ' 

Questions : 

1. You have probably found that when you used the light string the fre- 
quency of the half-string was not measurably different from twice the fre- 
quency of the open string. Why? ^ 

2. The length of the upper half string can be increased to lower its pitch, 
and f - l/2i A/u . The change In frequency Lf is given by: 

Af is the frequency change, f is the original frequency A£ is the 
increase in length, £ is the original length. If f - 220 Hz., £ ^ ,63 m, 
how much would you hav'e to^^move the bridge away from the fret to make the 
pitch' correct? Use your own value of Af, 

3. Does the slant of the bridge account for this A£? 

4. What other effect might make it reasonable to make the heavy strings 
longer than the light ones? (Hint: ^hat happens to the tension when you 
press the string against a fret?) 

5. What Is the advantage of using a wound string like the regular guitar 
E string? 



Vibrating Plates 

Any discussion *of the acoustical properties of ttie string 
instruments must finally arrive at the vibrations - not of the strings, 
but of the wood plates which form the top and bottom of these instruments. 
This is due to fact that although the mush'cians bow or pluck the strings, 

hear only the vibrations of these plates. Traditionally, Luthiers 
have always "tuned" these parts of the instrument by ear but recent work 
using techniques such as holography J '2.3,4 ^^esonance analyMs,5.6 
has shown that the presence of a well defined and prominent "ring" mode is 
common to all the good violins (Strads, etc.) tested. This mode, where 
the entire surface of the plates (top and bottom) is in motion (except for. 
a narrow band) contributes in a major way to the full bbdied, clear tone 
of a good string Instrument. 

This experiment deals with the vibrations of square or, rectangular 
plates (which have fundamental frequencies which it is possible to calculate 
theoretically) and those of violin shaped plates, both flat and arched as 
in actual violins, which it is not now (or maybe ever) possible to 
Calculate theoretically. 
Equipment: 

1) An 8" loudspeaker capable of cpvei-ing the 50'-1000 Hz region 
with powerful output. It is necessary that this be a speaker 

af reasonable quality without a substantial amount of harmonic 

S 

distortion (< 5% at 50 Hz) A powir rating of 10-20 watts continuous 
is recommended. 

2) A good quality 20 watt RMS Amplifier (mono is OK) (at least 

— ■ --- -- — 
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over frequency region 50-5000 Hz^). 

3) A sine wave generator - either continuously variable or with 
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frequency steps no larger than 1 Hz over 50-1000 Hz. It should 
be capable of driving the amplifier directly. 
•4) 2 s^-uce or pine plates (1 square or 2 rectangular) with 
dimensions of the'order of 25cm square or 25cm x 35 cm. The 
plates should 0.3cm thick and of uniform thickness. NOTE: 
grain 1n the plates should run parallel to one side. 




5) Flat spruce or pine plate cut 1n shape of violin (see enclosed 



The grain must run parallel to the 
center of the plate, and the thickn 
should be about .3cm. 

6) One violin top or bottom plate (can be gotten either from cheap 
violin - make sure the person taking apart vioMn is skilled - or 
by forming It yourself 

7) "Glitter" - The aluininlzed plastic speckles avallabla in stores, 
etc. usually come 1n sal t- shaker container 

2J 
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8) Foam i"ubber blocks (four) about V4"-3/8" thick by V2"xT' 
in cross section (foam should be as porous as possible), 

9) Protective ear coverings. The sound levels necessary for 
this experlmenf can get uncomfortably high. (Try to set 
up experiment in a room that ts "dead" acoustical ly). A 
pa1r-of earphone-like coverings work .wel l or even the 
isolating type regular earphones. 

Vibrations of a rectangular (square) plate. 

a) Place the plate directly over the loudspeaker using the foam 
blocks (which can be attached to loudspeaker support with two sided 
tape)^. . • . 





For best results the plate should be close to the loudspeaker but 
never touching any part of the loudspeaker, . * 

b) Sprinkle "glitter" evenly over surface of plate. 

c) Adjust signal generator to 30Hz and turn up signal level till 
sound is clearly audible but not loud. (Do not drive speaker into 
harmonic distortion). ' 

d) Then sweep frequency higher (slowly!) until "glitter" starts to 
move around, 

e) Tune generator untn "glitter" seems most active. 

f) Turn up signal level until you can clearly see "glitter" bouncing 
off surface and adjust frequency 1f necessary to get sharpest pattern. 



Discussion of I* 



The fundamental frequencies of vibration of a rectangular plate 

free to vibrate in all places can be gotten'from | relatlo'nshlp derlved 

^ 8 ' ' 

for ^a rectangular ba/ of the same material, fret to. vibrate in -all places 
(eg. 1) ■ - . ' ' •■ 



• / 



(1) 



f_ = 1.028 

0 



1 ' 




a = thickness . 

% = length 

Y ^ Youngs Modul us 

P ^ Density of material 



NOTE: When the wooden plate(s) is/are prepared it is useful to have pieces 
of the plate for testing purposes. The.£asiest way is to save the edges ' 
from the plate e.g. . oe«.«T-#fw»/ ^ 




These two pieces should have exactly the same width (l/2"-3/4") and 
length (which should be close to length of plate). You will notice 
immediately that th se two pieces have quite different stiffnesses, and 
this is what causes the two separate frequencies of vibration observed 
in I. It is a simple matter to find the approximate ratio of frequencies 
for these two fundamental modes of vibration by clamping both bars at 
one end andi hanging a small weight from each In turn and noting-the 
deflection of the end produced with the small additional weight. 
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f m/sit.m THIS oep^teTioiaS ts 



start with mppy bar and put on a^all weight that does not. deflect this^._j^ 
bar thrbugh more than cm. ■ . 

■.The satio of th^se defledtlon^can be related to the ratio of frequencies 



using 
(2) 



ft 



For a .edium like wood which has^variable stiffness and m^pending on 



grain direction, humidity, grain^gularity = lt is quite difficult under 
the best of circumstances to'make accu^atef ^producible measurements of 
masses, dimensions and. stiffnessei^ Hence the abovej^tio will' not be 
very accurate (expect 251 errjtfr) .' ) . 

The mass of the plates a)id the vo]^^ must'al so be measured. Typical 



densit1es.:{p) are .4=5 g/cm^. V-+^est to u 



se a measured value of p' 



due to hymldity, local variations, etc. 

-^aUbs of Y (Youngs-Modulus) are usually measured f^r wood by 
using the equation for frequency, measuring the fundamental frequency and 
then calculating what Y is. Measurements of this type give values for Y 
for bars bent against the grain (Y^) and with the grain (Y,). Values 
for a sample of Vermont spruce are 

Y|_ = 13 X 10"° dynes/cm^ (stiff bar) 



- 7.2 X 10^ dynes/cm (floppy' bat 
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The variation 1n measurements of Y^ is usually much less than in Y 

velocity Of sound 1n the material Is proportional to the squar "root of 
oung s modulus, so sound travels four times faster along than acros. th. 
grain, ' ^ 

2' 



flOTE: Young's Moduluis, Y, 1s an empirical factor tKat relates how much 
ia bar con tf acts. '(or Itngthens) whtn a .pressure changf Is usad to compress 
or expand the bar. e.g. A fairly soft rubber rod will have a relatively 
low value of Y while a hard steel, bar will have a relatively high value 
of Y. It Is difficult to directly measure Y for soft woods since they wIlT 
compress or squash If too much pressure Is exerted. 

"b calculate the fundaBental frequency of vibration for the plate. It 
Is probably most accurate to calculate the case for the "stiff" dlrec-tlon 
of Vibration using the yalui Y^'^ 13 x 10^^ dynes/cm^. Then the fundamental 
frequency of vibration in the "floppy" direction can be gotten using equation 
Sh. Approximate values for vibration In the "floppy" direction can ^ gotten 
by using the value of Y^, given above. For a Vermont spruce plate with 
p ^ A g/cm t thickness of .3cm and 25cm square we get the two fundamental 
frequencies at f ^ 65Hz and f. ^ 275Hz. 




II, Violin shaped plates 

a) Place the flat violin thaped plate so that 1t rests on the foam 
blocks over the loudspeaker. 

b) Set the oscinator at 100 Hz and slowly Increase frequency 

until you get the lowest frequency glitter pattern that is associated 
with vibrations of the whole plate. It is not enough for just a 
small area of the plate to oscinate. At resonance( which ever one 
it is)you expect over 1/2 of the plate surface to be in motion. 
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If you rsaeh 400 Hz without getting a sharp pattern go back to , 
100 Hz and turn up loudspeaker volume - If speaker starts "honking" 
you are driving it Into distortion and must reduce voiume until 
tone 1$ again clean. Glitter patterns (Chladnl patterns) observed 
for .3cm spruce plate looked like 





You should get slmilais patterns at frequencies 1n the sam region. 
The different shape of these v1ol1n shaped spruce (or p1ne) plates 
win give patterns entirely different from square or rectangular 



Shapt3, 

c) Now set the violin top (or bottom) plate ^ the speaker and 
starting from TOO^Hz> sweep the frequency up .to 500Hz, Make a sketch of 
every sharp pattern 1n this frequ^jy range and make sure you label 
each sketch with the freqyency. The two lowest frequency patterns 
should look similar to 





The pattern at the right corresponds closely to the "tap" 
tone that violin makers li$ten to when they tap the violin plates 
during the tuning (by ear) process. It 1s often called the" ring" 
mode, ^ \ 
d) Pick up the violin top (or bottom) and suspend between thumb 
and foriflnger on a nodal line very lightly ( but do not drop ). 



/ 

ttien with 3fd or 4th' finger tap the center of pUte Hghtly :|nd 
' t;fsten to tht tone. You win probably have to put your ear qultt^ 
close to plate to hear the tone. Try matching the frequency of the 
tap tone you hear with the signal .generator. It should be close to 
the frequency you got for the "ring" i^odt* 

e) It 1s interesting to fool around with. the frequency generator 
and- look ait gtitter patterns, at the higher 'frequencies not only for 
the violin plates but also-if or the square, or ^rectangular plates. It 
is possible to achieve extraordinary patterns for these vibrating 
plates. A nice additional demonstration of vibration patterns is 
possible for thin (1/16") brass or steel square or rectangular sheet 
(or circular) . 
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Questions 

1) How Close dld'youf rntasured square or rectangular wooden plate 
fundamental frtquencles come to calculated values? Make a snwll table 
of experimental, and calculatedrfrequencles and percent errors for each 
case. 

2) Was the ratio of measured fundamental frequencies close to the values 
that you calculated from measured deflections? What was your percentage 
error? 

3) Using the same sound levels for bot+i the violin shaped flat and violin 
top plates, which was the most "active" at the two lowest resonances? You 
can tell this either by touching surface with the finger and determining 
which vib'rated the most or by watching the height to which the glitter is 
kicked. 0 

4) Whalf difference between the violin top (or bottom) plate and the 
violin-shaped flat plate do you think causes t^^e violin top to possess a 
"ring" mode while the flat plate does not? (Thts occurs even if both plate 
are the same thickness). 

5) Describe the motion of the surface of the rectangular or square plate 
when It vibrates at a fundamental frequency (in either direction relative 
to the grain) . 

6) Describe as accurately as you can the motion the violin top (or bottom) 
plate surface undergoes when it vibrates in the "ring" mode. 

. ■ 

M 
/ 
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ADDITIONAL EXPERIHEUTS ON THE PROPERTIES 
OF VIBRAnNS PLATES M MEMBRANES 



The^apparatus used In the above experiments can also be used to 
compare the patterns and frequencies of the nornial modes of geoTnetrlcally 
Identical plates and manbranes. Because a membrane Is elastlcally Isotropi 
(I.e. equalTy hard to bend In any direction) and must have a fixed-as com- 
pared to a free border, the plate with which It Is to be compared should 
also be elastlcally Isotropic and have either a tlamped or j^^^iipported 
border, 

■ = • 'J 

The clamped plate consists of a tinlfonn undented flat piecfe of metal 
damped between two Identically shaped (either square or round) heavy metal 
rims, *^ 

A Supported plate Is held by^a rim on Its circumference but 1s not 
clamped. The region of sHjpport should be as small as possible, as si 
in the figure 



Irn ^ 




plate 



LJ^few thousandths 



The membrane consist^ of a thin uniform rubber sheet stretched to 
a desired tension between a pair of r1ms identical to those used for 
clamping the metal plate. The establishment of unifonn tension in the 
membrane is accomplished by painting a square on %he unstretched rubber * 
and stretching the rubber by successive approximations until the painted 
square Is again square under tension. Unless a student has a lot of time 
the mounting should not^be part of his experimental procedure, (This 
limitation is unfortunate in that one can learn a great deal about the 
nature of real things and their challenges and frustrations by stretching 
a membrane to reasonably uniform tension). 

The procedures for both the membrane and the plate are the same. 
The object to be vibrated is placed over the hole in the vibration testing 
table In such a way that^e hole through which the sound is transmitted 
from the speaker to the membrane or plate is not directly over a nodal 
line of the mode that is being studied. (The heavy rim should be separated 



from the table by thin.fqam gasket to prtvent spurious vibrations), A 
r^mbfer of modal frequencies should 'be detenTilned and patterns of the nodal 
lines for each of the identifiid modes should be sketched, with linear 
dimensions measured when the shapes are simple^ such as Is the case e.g. 
for a linear mode* The student should also record the frequencies of the 
modes. 

The fun of this experiment is then the attempt to relate the ex- 
perimental results tb a few simple results of the theory of vibrating 
membranes and plates: 

(1) The normal mode frequencies of a vibrating square 
membrane of side a are given by - 

^mn " hVo J^^ ' " " J' 3, . . . 

- m = 1 5 2 5 3 J p , * 

where T is the tension in the membranej and a A% its mass per unit area. 
It would br hard to measure the tension T a,nd so a better scheme consists 
In comparing all frequencies to Ae lowest frequency f : 




The student's attention should be drawn to the fact that when m and n 
are unequal two modes exist with the same frequency. Of course it is 
Impossible to create a, perfectly symmetric experimental arrangement^ and 
so any attempt to drive the membrane will stabil ize.one or another of the 
possible modes with Its particular nodes. The student should be encouraged 
to try to stabilize at least two possible patterns for a given frequency 
f^^ with m ^ n. This can perhaps be done by placing a finger at *a point 
of one nodal line of a desired pattern. As an examples ^the pair, of fre- 
quencies fg^i and f^2 show the following 4 nodal patterns for a square 
membrane - 
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The square platt, either cltEnped or supported ^ is complicated to 
study matKematicany but there 1s some point 1n expecting mode frequencies 
referred to the fundamental frequency to be reasonably close to - 

fmn /m^+n^ 

The mtin source of information about plate and membrane vibrations 
Is the vibrant "Theory of Sound" by Lord Rayleigh, and in particular, 
chapters 9 and 10 in volume 1, The student may consult the few remarks 
made by Backus on ^he subject, and also his instructor. 





VIBRATINa PiLM'ES 



As^t ^check of the vibrational frequencies obtained with the acous- 
tically coupled sptaker drive units tOne can couple the vibrations dirictly, 
A coll can be'mounted on the plate and a magnet clamped on a support brought 
naar the coll so the magnetjc field Intercepts the drums of the coll* 
An Improvised system can be mide from an enclosed speaktr. A plastic 
cup and soda straw can be glued (use bathtub cau^,wh1ch'1i air curing 
rubber) to tht speaker cone. The straw is the only part that extends from 
€he heavy wall wood box surrounding the coll. 



styrofoam cup bottom 




plastic foda straw 



The plate to be tested Is mounted by a rubberbaf|Q support with the plate 
in the vertical direction. A 1/4 inch rod, which can be force fit to 
the straw i Is waxed with hard sealing wax to the plate 




soda straw 
driver 



microphone 



rubber band 
frame 



The driver Is connected to an amplifier and frequency generator.*^ The 
microphone i^ ico^ (with amplifier jf nteded) to an oscinoscope, 

the fraqijency generator is adjusted to give h1g)ier frequancles large 
^^^^^plltude signals can be deticted In the microphone at the resonant 
^t^iquencles of the plate. Thasa can be compared to the "tap-tones" of 
the<pl^tt or the acoustically coupled resonant frequencies. Account for 
any differences In the spectral response. 
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Vibrating Air Columriii 



Objictivei Air colimns can be set into resonance by a number o^ ways*^ One of • 
the ways is to use the Hp reed.'"^^A series of special air columns are to 
be set Into resonance and the frequency measured, ^ The fundamental of the 
' tones produced Is to be computed. The frequencies are to be compared to an 
Ideal air column. 

J. Straight Plptf A |i1eci of pipe has been fitted with protective ring at one 
end. Practice blowing until 3 or more steady tones can be produced/ Measure 
the frequency by comparing the blown tone with i pure tone by the beat fre- 
quenciei method. If t frequency counter is available it can be used to measure 
the frequency of the tones directly, A microphone and amplifier can be con- ' 
nected'lo the counter and the frequency read from the output. 

' ' For the frequencies you measure^ find the greatestt^conWn multiple 
and the integer multiplier for the tones produced. Compare -tnese frequencies, 
to that of ideal pipe resonances. Confirm these values for the actual pipe^ 
length. Apply an end correction and a reasonable value for the speed of 
sound for the temperature of air blown through the pipe. How does, the 
Hp-reed act acolisttcally? Compare the sequence of tones to a chromatic 
or equally-tempered scale. Is the pipe "in tung?" 

2. Conic Pipe: Measure the frequency of tortes produced from a conical pipe. 
In this case significantly more than 3 tones can be produced. Find the 
greatest common multiple and the Integer values of the tones produced. 
Compare these tones to an ideal straight pipe of the same length. What 1s 
the effpct of the conic cro^ section or "bore" of the pipe? Compare the 
sequence of tones to a chromatie' or equally tempered scale. Is the conical 
pipe in tune? 

3, Post Horn: Measure the frequencies for tones produced by a post horn. 
Compare these tones to those ca44:ulated for a straight pipe of the same 
length. These tones should be'ln close agreement to a chromatic scale even 
when produced by a beginner. Fit the straight pipe and the conical pipe 
with a mouth piece, Now compare the tone produced. Can the straight or 

* conical pipe now be blown 1n a chromatic scale? The interior shape of the 
horn 1s complex. What effect has the flare or bell had upon the frequency 
of the tones? , ^- t 

/ 



Real Hofni4J1iasure' the length of some instrument such as a cornit or 
twropet by laying ^ piece of string along the up-valve path. Without 



pare the results with part C. 

b, A mouth piece can be fitted with a microphone sensitive to pressure 
changes. The resonant frequencies can be found for the mouth piece alone 
by using an oscilloscope and Lissajou patterns. Compare these to the 
frequencies .obtained for an Instrument. 

c. A sub-miniature pressure microphone can be placid on a slender rod 
and used to probe the interior of the tubes or instrument down the" 
first bend. 



depressing the keys measure the frequency of the "tone produced. Com-' 





THE AIR VIBRATIONS IN A TRUMPET 

Objects To Investigate the working of a trumpet by examlTiIng the a1r oscillations 
1n the 'mouthpiece j backbore, and bell. ( 

Method: A special mouthpiece Is required constructed as shown in ffgura U ^ 
Very fine holes (less than 0*5 mn diameter) are drnied Into the cup, and 
jbout half way down the backbor#* A receptacle for a small microphone 1s^ 
attached over the hgt^s wltls^poxy resim/ One hole 1s closed with a little 
wax, and the microphone fits tightly over the other, so no air can leak 
around It* Even small leaks will alter the frequency, and make the Instru- , 
ment difficult to play. A microphone elementssuch as Is used for the more 
expensive cassitte recorderst proved very successful for this part of. the 
experiment when removed from Its usual container. The microphone 1s con^ 
nected directly to an oscilloscope, no amplifier being necessary because of 
the very large pressure excursions* The trumpet Is blown, and the oscll- 
lafions photographed from the face of the oscilloscope using an Internally 
triggered linear time base of, say, a millisecond per centimeter. Both 
cup and backbone should be photographed for middle C, the C above this and the 
high G above this. It is possible to get at least two traces on each film 
* by displacing the oscilloscope beam in the y direction between exposures. 
The frtlcrophone element is then replaced in its normal container (this Im- 
proves its frequency response) and placed in front of the bell of the In- 
J 

strument. It 1s Interesting to note how the oscniatlons change for the 
same note, as the microphone is moved around outside the bfell, showing dif^ 
ferent observers hear a different timbre for the same Instrument and note* 
However, for our purposes, these effects are small compared to the overall wave 
shape. Again, the oscillations should be photographed for the same three 
pitches. 



,|||A very small microphone, (Figure 2), Is now attached to the / 
osclTlbscope. Such "tie dtp" microphones can be bbtained for a few dol- 
-lars. The p1n attachment at the back is removed, but the micrpphone en- 
closure Itself should not be opened, or the metal foil diaphram inside 
will be ruptured. The microphone is attached to a long thin. support, ruch 
as a coat hanger wire, and the oscillations observed on the oscilloscope as 
it is inserted into the bell and then the straight section of the trumpet. 
It will be seen that phase oscillations or motion of the high frequency 
components occur, and the pattern changes very rapidly as a function .of the 
distance from the end, 
ults: Tha resul^ consist of a sequence of pictur^ of the oscinatlons. 

These can be treated 1n either a qualitative or quantitative fashion* 
Qualitative : 

The oscmations measured In the backbore represent the pressure 
fTuctuatlons at the closed end of the (more or less) urilform.plpe forming 
the trumpet. Since the microphone is attached by an air tight seal to the 
backbore* 1t measures pressure variations and not particle speeds,. All if\% 
nonnal modes of oscillations of a closed pipe have pressure antinodes at 
the closed end, and hence the picture of oscillations here should be the^ 
best rneasure of all the modes excited 1n the trumpet. Wavelengths 
shorter than the distance from the hole to the throat of the mouthpiece, 
will, of course, not be measured accurately. If we compare this picture, 
with what comes out of the trumpet bell, we see that the fundamental 1s 
much stronger within the tube than outside. This is because the relatively 
small bell of the trumpet (4 1/2" d1am) radiates the lower frequencies much*l 
efficiently than the" higher. This has the effect of what physicists and 
electronics engineers call "differentiating" the sound pulse. In the. tubs. 



The pulse looks like (a) in figure 1. After "differentiating" t?y the bell 

becomes much sharper, and 

(a) 




(b) 




appears like b. Note, 1f we regard (a) as a hill, (b) is the slope of this 
hill - first up (positive) the?) down (negative). This accounts for the 
characteristic oscillating wave funii of i)nth the trumpet and trombone. 
The oscniation must be dttenuatfHi by 6db per octave for exact differentu- 
ation to take place, and in thn itMjion or rolaMvoly low Frequencies, this 
attenuation 1s reached, altliouijti fiigfi f rtMniunc: ins <ire radiatecLi^el 1 , 
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If we now go back and examine the oscillations in the trumpet cup, 
we see that the vibrations of the lip provide many high frequencies. The 
trumpet acts as a resonator, accepting and amplifying those frequencies to. 
which it responds, and rejecting others. This is why the timbre of the 
mouthpiece, sounded alone, js not so pleasant as the sound of the trumpet 
itself. ' 

Now examine the oscillatfons 1n the small microphone which is in- 
serted in the belK Photographs taken 1 inch apart are shown. The 
changes arise mostly from oscillations whose wavelength is on the same 
order as this distance. 

The trumpet is so arranged that, whereas the fundamental is not 
well radiated, and hence exists as a standing wave in the tube, the higher 
harmonics travel straight through and are radiated - therefore they exist 
more as traveling waves than as standing waves. Hence, if the oscilloscope 
is triggered by the fundamental ^ as the microphone is slowly withdrawn, 
the higher harmonics give the appearance of moving along the fundamental 
as shown, and decreasing and increasing in amplitude as we pass nodes and 
antinodes of this shorter wavelength; 




The same note, recorded on 
the miniature microphone at 
poincs 03 inch apart in the 
last set 1on of tubing. 



Some part of these higher harmonics is radiated, which, is why we have standing 

waves too. For example, the distance between a pressure node and antinode 
for, the tenth harmonic of middle C will be about 1 1/4", Hence, this is the 
distance between the maximum and the minimum for oscillations of this frequency. 
This win be superimposed onthe traveling wave, whose amplitude will oscil- 
late with this period^, 

Quantitative : - - 

Quantitatively, we must a^nalyze the pictures of the oscillations 
in tenns of the harrnonics. This requires enlarging the picture using an 
opaque projector, and drawing over the enlarged waveform, measuring the 
ordinates for a sequence of abscissa vt^lies , and uffing a calculator or 
computer to measure the harmonics* A second way is to record the tones 
on a tape loop, and use a frequency analyzer, such as the Pasco Model. 9302 to 
obtain the harmonics digitally. Values obtained for the amplitude of various 
hannonics are shown in Figure 3. It should be possible to use such values 
to tell the difference between a poor and a talented truinpeter, and perhaps 
to tell one how to improve. The timbre or quantity of the harmonics pre-- 
sent Is also a function of the loudness of the tone. For example, a player^ 
blowing fortissimo raises larger quantities of the higher harmonics than 
blowing piano - soft tones contain primarily the fundamental . This is 
explained by Benade in the Scientific American (July, 1973 p. 24), If we 
look at the quantity of harmonics present, it is imporLdnt to ealize that 
the trumpet cannot add anything to the cup oscillation, It takes the 
oscillations already present in the cup. and, because of its own resonant 
nature, acts as a filter, h?U;ini) only certdin frequencies Lhrough. Any 
region It lets through Is cdllcul a fnriiiaht.. because it: imposes on the 
wavefonii already present, iu> ow/i resonant pattern. For exainple, in the 
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trumpet, the first few harmonics are more strongly resonant than the 
higher frequencies. This 1s the plcfjire 1n the backbore. Outside, the 
bell acts as another filter, re^ucjng the lower harmonics, with the re- 
sult that the third, fourth, and fifth harmonics are strongest 1n a trumpet. 
A larger, bell .w^uld. a1:low lower frequencies to be emitted. 
Results : , ' , 

Obtain the ratios for the harmonics in the backbore and outside 
the bell.^ Plot the ratio as a function of frequency. This shows that 
f ^the radiating efficiency of the bell changes with' frequency. 
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FIGURE 1 

microphone attached to backbore 
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OSCILLATIONS IN CYLINDRICAL AND CONICAL TUBES 

Object: 

To compare the timbre and pitch of notes obtainable by exciting air 
vibrations in conical tubes^ and cylindrical tubes closed at one end. 

1. Oscillations in a cylindrical tube closed at one end. 

Many musical instruments (trumpet, trombone , clarinet) are pipes of 

nearly uniform bore, but modified by a taper, bell, and mouthpiece. To avoid 

such complications I a pipe of thin wall conduit, such as electricians use (see 

Benade "Horns, Strings and Harmony") , hal f an inch or a little more in 

diameter and about four feet long is suitable. A length of 50 

inches should give middle C for its third harmonic, which is convenient, 

Alumimum pipe is lighter to handle. A collar, as shown in figure 1 surrounds 

the end of the pipe to act as mouthpiece or the pipe end is merely dipped in 

epoxy resin. The frequency of possible modes excited by blowing this device in 

the same manner as a trumpet, should be a series of odd multiples of the funda- 
mental, the odd harmonics. • ' 

This contrasts with a pipe open at both ends, such as an open organ 
pipe, flute or the "corrugahorn" described by Crawford in the American Journal 
of Physics for April 1974 (vol. 42, p. 278), which give all multiples of 

harmonics, as does a conical instrument such as the bugle or oboe. 

The pipe is blown like a trumpet, and the frequency obtained by com= 

parison with an oscillator - speaker combination tuned to the same pitch. At 

least three modes should be capable of excitation. The di fferencefbetween these 

values and those calculated are found on the assumption that the fundamental 

mode corresponds to a quarter wave length for the length of the pipe. End 

effect corrections (obtained by adding 0.3 diameter of the pipe) can be applied. 
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Hence, 



frequency - 1100 

4 X length of pipe in feet 



The timbre of a tubular pipe differs from that of a cone by again con- 
taining only odd R'armonlcs, It is Interesting to see how difftrent mouthpieces 
trombone, trumpet, cornet, affect the timbre. The mouthpiece fits into a brass 

/ 

tube turned to fit the end of the pipe. A mlcropha^e connected to an os- 
cllloscope conveniently shows this, and photographs of the trace shows that 



the trombone mouthpiece gives fewer high hannonics than a cornet mouthpiece. 

The resonant frequencies of the tube can be examined by attaching a 
microphone tightly over one end - there must be no air leaks past it = and 
exciting the tube by placing a loudspeaker connected to an oscillator at the 
other end. On hitting a resonant frequency, a large output from the micro- 
phone is seen, if the microphone is connected to an oscilloscope, or heard, 
if connected to an amplifier and speaker. 



y4 



microphone 
fits tightly 



pipe 




1 oudspeaker 



Plot the resonant frequency against the odd whole numbers, as shown below. 



and draw a straight line through the points. 



1 000 

Hi 

500 



Frequency of modes for a cylindri- 
= cal pipe 5/8'' I.D. and 50" (27cm)^>r^ 
long. Closed by a microphone^-' 
at one end. 
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MODES OF OSCILLATION OF A CONICAL PIPE \^ 



Object: > 



Conrion Instrunents having a conical bdre are the, bassoon, oboe, and bugle. 

It 1s possible to examine the natural modes of a conical pi ge. employing 
a cavalry bugle, such as is used for army bugle calls. The tube of the 
instrument Itself ts only about 45 Inches long, but It forms part of a cone 
which would be about sixty-six inches from the point or apex of the cone 
to the bell of the bugle which it forms. Such a cone has a lowest vibrational 
mode near 100 Hertz, since the cone must be twice as long as a cylindrical 
pipe closed at one end having the same fundamental frequency. The cone and the 
cylinder are unique in having modes which are simple multiples ofr'the fundamental 

It is preferable to employ an exact cone^for which calculations can be 
made. The Shakespeare Company of Columbia makes fishing rods and broadcast 
antennas by winding fiberglass on a contfcal metal mandrel. The inside of the 
fiberglass cone Is perfectly smooth. Any such cone is suitable, provided the 
wide end y% more than three times the diameter of the narrow end. The air In 
the missing third is so "stiff", its presence or absence does not alter the 
harmonic structure appreciably. We employed a cone 100 inches long, tapering 
from 1/2 Inch 1n diameter at the narrow end to 1 9/16 Inch at the wide end. 
If the length of pipe is L inches, the narrow end has a diameter a, and 
the broad end b, the "pedal tone", the lowest natural note, is given by 
12 X 1100 (1 - a/b) = 6600 

Here ^ _ is the length of the cone from apex to bell, in our case 

147 Inches^ giving approximately 45 vibrations per second. It is difficult for 
the mouth to reach such low frequencies simply by blowing into a half inch tube. 
The tube has a collar as shown (flgijre 1) surrounding the narrow end, to aid 
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1n blowing the tube with no mouthpiece. Al ternati vely. the small al&fe^um tube 
turned to fit the outside backbore of a trumpet or trombone mouthpiece seen 
in the figure can be inserted. The higher notes of this system can easily 
be reached either with the open tube, or a trumpet mouthpiece. The lower 
notes require a trombone or tuba mouthpiece. It is useful to have available 
cornet* trumpets and trombone mouthp^ieces . The resonant frequency of the 
system is not appreciably altered by the mouthpiece, but there is a con- 
siderable change in timbre. The frequency can be *'lipped" lower. 
Resul ts : 

The resonant frequencies of the system are found experimentally by 
blowing, and comparing with an oscillator and loudspeaker. Alternatively, 
a microphone may be attached to an oscilloscope, and the oscilloscope 
photographed using a known time base to determine its frequency, the time 
base should be calibrated by feeding the microphone with a tuning fork. The 
experimentally determined frequencies are compared with the harmonic series. 
All should be present. 

One may reverse this process, and very simply, apply an ear to the 
small end of the cone, much as an ear trumpet, and hear a maximum response 
- at certain frequencies of the osci 11 ator ^and loudspeaker, placed just 

outside the large end of the cone. For our cone/ the experimental resonant fre- 
quencies were found to be 49,109,168,230,225,270,359,406. As shown in the figure 

The experiment may be improved by examining the oscillations by a 
microphone sealed tightly over the small end of the pipe, excited by a 
loudspeaker placed over the larqe end. If the frequency emitted by the 
speaker ^is varied, and the ampl i tudfi kept constant, the cone will resonate 
to certain well defined frequencies which can be seen by applying the micro- 
ptione output to an oscniosri)' ^ 

All harifjonks can Dr: exci Ud ;^iiiiu ^ taneuus ly by blowinrj the cone like a horn 
as an analysis nf thp oen I I o^. (m-. tywcv shows. 
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Frequency of modes for a conical pipe 105 inches long tapering 
from 1 1/2" to 1/2" 5 the Sinall end closed by the microphone. 
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WAVES ON STRINGS - THE GUITAR 

Object - To find ths dependenee frequency on 

1) The length of the strln^^ and to ftnd the velocity 1n that 
string ^ \^ ^ 

2) The tension In the string \ 

3) The mass-per-unlt-length of th#wstring 

Some other observations on guitar resonances will also be made. 
Apparatus - The modified guitar* a meter rulers a calibrated oscillator 
and loud speaker. The guitar has the base string unwound from the tuning peg 
to the twelfth fret. A blob of epoxy resin should be placed to prevent the 
wound wire unwinding further^ before cutting at the twelfth fret. 



nut 

tun 1 no ^7 unwound bass string I wound ^ 

_ 1 ^- I ^^^MiiMWIWWMW^ 

first frat twelth fret ^*""^blob of epoxy 

Method - 1) Measure the distance between the top 12 successive frets and 

the lower nut,over ^whlch the string passes fo||,the highest E string. Find 
the ratio of the distance between successive frets and the distance of the 
upper of the two frets to the lower nut. This should be a constant, ap- 
proximately 1:18 (the so-called rule of 18), More accurately it is" 1:17,817, 
Now find the frequency for fingering successive frets by cOTparing the plucked 
string with the oscillator. Divide the frequency by the length of string which 1s 

vibritingn Is this constant for all the frets you tried? What does this show about 
the relationship between the length of the string and the frequency? The 
length of the string is one half wavelefigth for the fundamental mode. Pluck 
the string, thenjlightly touch it at the halfway point (the 12th fret) and note 

the pitch jumi^ an octave. Why? Find the velocity of waves on the string from 

the formula 

Velocity = Frequency x wavelength 
Note that the twelve frets give all the full and half notes on the tempered 

scale for the octave ^ and that the ratio and not the d1 fference in frequency ^ 
Is constant. If the scale depended on a constant frequeDiCy difference, the 
^) separation between frets on a guitar would always be the same* - ^ 

ERIC • - . 



2) Hooke's law states that the tension In a wire Is proportional to the 
extension of the wire '(see fig.l). Hence, the tension in the guitar string is 
proportional to the number of turns of the tuning peg. Rotate the tuning 

peg in quarter turns* by three or four turns, on one string, and find the 
frequency for each position by using the oscillator. Then plot the square 
of .the frequency against the numbir of turns of the peg. Is this a straight 
fine? What does this mean? ' 

3) The bass string on the guitar is normally wound with wire, to 
increase its mass per unit length without increasing its stiffness* On 
this guitar, the string has been unwound to the halfway point. Pluck it, 
and note the peculiar timbre. This is because the normal modes of a uniform 
string are harmonics, 1,e, multiples of the fundamental frequency. No such 
relation exists for a non-uniform string, so it does not sound so pleasant, 
although perhaps it could be used for its bizarre effect * 

Press the string to the fret at the halfway point, and find the 
frequency for the top half of the string, and for the bottom half. Since 
the two halves have the same length and tension, the difference in frequency 
arises from the difference in mass per unit length only. The mass per unit 
length for the wound string Is 7^51 X 10-^2 gm/cm, and for the unwound 
1*5 X 10^2 gm/cm, 

' m f 
We wish to relate mass per unit length^to frequency^ As the mass per 

unit length goes down, the frequency goes up-wh1ch Is why the high guitar or 
violin strings are the lightest, so we might have_. 

frequency f^X ^~ 
m 

Other possibilities are 
* 

A most interesting article on the calculation of the normal modes of 
such a string and their experimental verification, is given bv T D Rossina 
Am. Jour. Phys. 43, 735 (1975). ' ' ' 
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Both thcst are givtn by f «.jn" where we wish to find n 



In f, - In f, 

f\ m, _J ft 

In - In- nig, 

where fp fg and m^mg are the frequericles and mass per unit length of the 
two strings. You should, by now, have already found that for a fixed length of 
string the frequency, and hence, the velocity, 1s proportional to the square root 
of the tension. Use the results of the mass per unit length to confirm the 
formula for the velocity v of waves on strings 



/ Ten 
- /mass per 



sion 



per unit length 



The guitar has several resonances a-ssociated with the Instrument. Blow 
gently across the air hole, and try to find the frequency of the a1r in 
the body of the instrument. Then tap the top of the guitar. Do these 
two resonances lie within the range of the Instrument? 
(This Is Eg, 82.4 Hertz to about Eg, 659.2 Hertz). 
Notes near these resonances tend to be unduly amplified. 



Hook 



^ wire. 
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THE VELOCITY OF SOUND 

Several methods exist to meisure the velocity of sound using traveling 
waves. Three simple methods of measuring the velocity by using the 
wavelength are given here. All require an oscillator connected to a loud 
speaker. A 600 ohm to 8 ohm transformer Is normany requi^ between oscina 
and spMker. The oscillator Is calibrated by beating against a suitable 
tunlnVfork, say #g, 1046 Hz. (concert pitch). 

A) Requires only a stereo amplifier, two microphones and a pair of head 
phones. 

B) Requires one microphone and a single trace oscilloscope. 

C) Requires two microphones and a double trace, oscilloscope. 

A) Procedure. 

Connect the two microphones to the stereg^ ampl ifler, plug In headphones 
and turn off the amplifier speakers output. Turn on the oscillator^ and 
set It at a suitable value, say 5kHi. Put the amplifier to mono, place 
the microphones together about two feet from the speaker, hooked to the 
oscillator. Then irove one forward to the Rositioff quietest 1n the head 
phones and back to a similar position behind the other microphone. The 
distance moved by the microphone Is the wavelength. The velocity of 
sound can be found by multiplying the wavelength by the frequency. 




movements 
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B) Conriect thg microphoni output to the oscilloscope Input, elthtr 
directly. If It 1s a high Impedence mike, or through an ampliflfr 
or tfansformer if of low Impedence. . Connect the speaker output from 
the oscillator to the "external trigger" of the oscnioscope as well . 
as to the speaker. Set the oscillator to a suitable value, say 1 kHz, 
and the oscilloscope time base to, say, 1 millisecond per centimeter. 
. Note the d1stanc« the mike must move, so that an oscillation on the 
oscilloscope screen drops back by exactly one period. This corresponds 
to one wavelength 1n air. 




C) Conflict the two mlcrophonej/fo the two^scmoscope inputs, either 
.directly -or via a stereo amplifier. Internal trigger and a time base 
of, say, 1 m sec/cm and rqulred. Set the osci Hater amplifier at, 
say, 1 ki, the two traces on the oscilloscope move as one mike is 
moved relative to the other. A motion^bf one wavelength of one micro- 
phone causes the corresponding trace on the oscilloscope to drop back 
by one period. Hence the wavelength may be determined, and, since 

Velocity = frequency X wavelength 
to velocity of sound In air may be found. 




NOTE: It 1s possibli to use a single pulse for this expariment, by switching 
a 6 volt battery across the speaker In place of the oscinator. No 
wavelength Is then required, but an accurately calibrated oscilloscope 
time base. 



Room Acoustics - Reverberation ' 

Objective: Investigate the acoustical properties of selected rooms. Intlude the 
properties o^^oms suitable for speech., voice and orchesteral works. The 
acoustics of a cRurch would be a*-su1tab1e subject for investigation. The 
.a^ustics of a room depend on the properties of the shape of surfaces and the 
absorption o'f the surface. Determine reflections and reverberatiofl. ti^s 
for the rooms. , ' ^ 

1. In this part of the experiment use a model to see how sound spreads and Is 
reflected through a room. Use a ripple tank and place a metal strip bent " 
to the roof line and another (1n a separate experiment ) bent in the plan 
view of the room. A wave is started from the position 6f ^he- performance 
and observed as the wave spreads to the audience. This scale model method 
can help in determining the presence of echos. The waves can be Initiated 

s imply with a finger or with more precision with the vibrator supplied. 
Examine the effects of reflection and diffraction. 

If the room design has a strong echo see if reflectors can be added 
to reduce the effect of the echo. 

2. Reverberation: When the echos from the various surfaces in a room occur 
so closely spaced in time that the individual echos cannot be detected 

the room 1s reverberant. The time for the sound level to decay or drop to in- 
audibility is the reverberation time, .^or the sake of reproducibility and 
to define inaudibility more exactly {he reverberation time is the time re- 
quired for the sound intensity to falKjo one millionth of its initial value. 

To measure the reverberation time of a room, the simplest method Is 
to fire a shot from a starterk pistol or burst a balloon at the location of 
the performance. The time for the sound to decay to inaudlbnity can be 
timed with a stopwatch, 

A more exact method 1s to record the ,soucid on a tape at 7 1/2 inches 
per second. This can be analyzed in the laboratory by listening to the tape 
or by electronic means. The student will conduct a series of measurements 
by several methods and compare the results. The first method is the least 
accurate. In the next parts of the experiment the tape speed is reduced 
to improve the accuracy of the measurement. The subjective reduction in 
pitch does not influence the measurement. The sound burst contains a great 
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important' to have a "quiet room" for this experiment. 

a. First the tapes can be run at 7 1/2 Inches per second and the time for 
decay measured 1n five trials. Give the' average value of the reverberation 
time obtained for the rooms In which the tapes were prepared. 

b. Run the tape at 1 7/8 Inches per second and rapeat the Mtlmatlon of 
the time with a stopwatch for 5 trials. Report the average values. 

c. Use an oscinoscope to estimate the time for the sound to decay. The 
sound^ Intensity In a roqm'H/lth reverberation decays exponentially, so If a 
plot Is made of the logarithm of the amplitude versus the time Is made- for - 

.the sound Intensity decrease a straight line should be obtained. The time 
for the amplitude of the signal on the oscilloscope to decrease' by 1/1000 
gives the reverberation tlmt. The reverberation time Is the time for the 
Intensity to decay by a factor of 1000000, i.e. the Intensity changes by 
-60 dB. It 1s, also the time for the amplitude to decay by a factor of 1000 
because- the intensity is proportional, to the square of the amplitude. The 
oscilloscope is used in a way that measures the amplitude of the electrical 
signal from the microphone. The microphone used was sensitive to pressure 
variations. The square of the pressure variations. The square of the pres- 
sure variations is proportional to the intensity of the sound, Alsoj the vol- 
tage produced by the microphone is proportional to the intensity of the sound. 

Attach the tape recorder to the oscilloscope through the amplifier. 
The time base should be set at 1 or 2 seconds per cm. Observe the oscil- 
loscope as the balloon 1s burst. Run the tape recorder at 1 7/8 inches per 
second. A trace of the following sort should be seen. 
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Measure tht htlght of the pulse h, as a function of. position on the ■ 
trace (time), plot this on logarithmic paper (3 cycle) and hence find the 
-^Imt It takes to decay through three decades.- To facilitate these measure- 
meffts, the gain of the oscinoscope must be changed as the sound is decaying 
thus. 




This way the pulses will not be off the top of the screen for very long 
at the beginning, or too small to measure at the end. Do not be concerned 
if the initlaf^urst of sound Is not on the screen of the oscilloscope. 
When you have mastered thls^ photograph the picture using the polaroid camera, 
setting the exposure on Hime^' or "bulb" at f4, and measure the photograph 
with a transparent ruler. Then plot the results on the logarithmic graph 
paper. The graph should require 3 cycles vertically and 10 divisions for 
TO seconds horizontally. The voltage change you measure may not cover all 
.iree decays of the graph paper. The points should give a nearly straight 
line. By eye and with the aid of a transparent ruler draw the best curve 
through the data points. The extension of this line to the time axis gives 
the reverberation time. The decay wave should be very nearly exponential. 
Any deviation can be the result of echos or flutter echos. 
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In place of the oscinoscope and camira, it fs pjossible to use 
a strip chart recorder. The output from the amplifier Is fed to the re- ' 
cordejp via a diode (wi used Motorola Hep-170 but almost any diode will do). 
Provided the tape recorder Is run at Its .slowest speed and the chart run at 
reasonably fast speed, a few Inches per second, the decay of the sound 
will be plotted and can be measured, ' 

It Is possible to calculate the reverberation time from parameters 
which are known or can be estimated. The dimensions of the rooms measured 
have been given on the data sheet. Compute the reverberation time for 
each room. 

Data Sheet - Sample 

Area Absorption Sa 

Floor 
Back Wall 
Celling 
Front Wall 
Side Walls 
Occupants 
Furnishing 

Sum of Absorption Factor (Sa) - 
Volume of Room ^ 

Reverberation Time ^ 0.009 ^Sl 

Sa 




n.s 

Compare all the feverbaration timps. Which method is more accurate? 
Why? Account for any dlfferenci between the calculated reverberation time 
and the measured time, 

Sound Intensity in a Reverberant Room: One further quantity is of acoustic - 

Interest, If an Instrument or sound Is made of the same Intensity In 

several rooms'^ the subjective and measured loudness will be higher in the 

reverberant room. Make a recording of a pure tone feeding the same power 

' to a loud speaker placed successively in several rooms. Measure the relative 

amplitudes on the oscilloscope. Also measure the intensity using a sound 

level meter on the C scale or flat response mode. The relative response 

levels can be compared to the smallest level* These response levels do not 

depend on the volume of the hall, but Inversely on the area of absorptive 

material In the expression- 

- T T . power output of instrum ent 
Intensity level in hall * " - g- — — 

where Sa is the absorptive area. 

Check this result* by seeing if the ratio of intensities measured by the 

2 

sound level meter* or using the oscinoscope (ratio of amplitude ) is pro- 
portional to the inverse of Sa for the rooms. These measurements should 
all be made with a microphone sensitive to sound pressure changes* 

A simpler method of demonstrating the drop in intensity level, is 
to observe the decrease in microphone output for a constant sound source 
when two or three, four feet by eight feet sheets of fiberglass acpustic 
material are Introduced into a small room. 
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A Simple Anechoic Chamber - 



The construction of . the chamber from five 3/4" plywood 4'x8* 
shtati Is relatively simple. Since two walls butt onto the other 
two wal Is as shown 




■4/t 

the floor must be 4' x 4' 1 7-/2". This leaves the roof, of the 
remaining half sheet of plywood, 3" short, and a piece 4'x3" must 
be screwed on separately. The door should be cut from the center of 
the front wall as shown. When screwed together, the 

V 

Cfc vJ 
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box 1s extremely rigid. The walls and flpor were coated with contact 
cement, and fissured, painted, (Owens Corning) Fiberglass ceiling board, 
^1n 1 ft-, square sheets, attached. These have a noise reduction coefficient 
of 0.8 - 0.9. A false floor of expended steel was welded to a 3'10" 
square^frame with 1 ft. high legs. Under* Lhis, more acoustic tHe, 
ilued In V shaped forms, was attached to the floor, and still more covered 
the celling. The V shaped construction absorbs low frequencies better, 
gives a larger absorptive area, and breaks up s^jund reflections.. More' 
squares were attached about two inches off the walls, where space permitted 
The whole Idea was to incorporate; as large a surface area of absorptive 
material as space would permit, ' ' - 
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The principal interior equipiiiGnt consisted of tv;o 9" polyplanar 
speakers mounted approximately a little tbmard of, and level with 
the ears for a subject sitting on a chair inside the chamber. Cables 
from the speakers led to an amplifier external to the chamber, but a 
stereo T pad inside allowed the 1/plume to be varied. In addition, a 
very valuable addition was a switch allowing the phase of one speaker 
to be reversed with respect to the othet^ A stereo headphone outlet 
was also, attached, which can be used either for other speakers or a 
stereo headphone set. A cheap two-way intercom al lowed communication 
with subjects in the chamber. A 60 watt incandescent lamp hung from 
the roof provided sufficient 11 1 urni nati on , A niicrophone socket was 
also attached to the chamber wall, in order that instruments played 
inside could be recorded. 

To insulate the chamber from noises outside, all cracks were 
filled with putty, glue or silicone cement. It is essential that this 
be done thoroughly. The complete outside of the chamber was covered 
with half inch thick felting^ availahln from surplus, but 2 ft, by 
4 ft. sheets of fiberglass would serve as -vf; 1 1 , The felting over- 
lapped at the door, which wrts ttyhtly sealed when shut. The box sat 
on rubber feet, about ^four incfies thick. 

The cost of the chdiiiber wd:> appi^oximately ^$150.00 

: The principal cost wa-, 5 sneets of 3/4' plywood V„ 



Reduction m int:-n;^ity oi ■via ^ r,}u .aitsiuc i:f iinsnii t tsd into tiie box 



6' X.8 



at $13.76 eai:!i 



68.80 



220 sq. ft. of fiber-f)l:i. 
giving a t fl of 



40.70 



1 k^: 
600 H:- 
200 \lz 



01) ::!) 
Jb.b uii 
:k),5 db 



l^tio. of sound intensit-' rpoi i uiva uar to the: ntliur ear with one loudspeaker on 
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TRANSMI SS ION AND JER.-E£n QN_ 0£ SOUN^^^ 

Objective: Measure the transmission of sound by various materials. 

^^^^'"Tals: Two cardboard tubes, loud speaker, signal generator, micro- 
phone, oscilloscope, 

Method: Study of the reflection and transmission of sound by various 
materials. Two hollow cardboard tubes are used. One tube has a 
speaker connected Ui an oscillator and the other contai ns a micro- 
phone connected to an amplifier and then to an oscilloscope. Each 
tube is wrapped with sound insulating material. The oscilloscope is 
used to detennine the amplitude of the received sound waves when various 
materials are placed for reflection before the open ends of the tubes or 
When the material is placed in a gap between aligned tubes to observe th 
transmission. The quantitative results for reflection and transmission 
efficients obtained are somewhat inaccurate, but qualitatively they are 
valid. Diffraction and backumund noise are the main problems encountered 
Obje ctive: Reflection of a sound wave. 

Method: The sound wave from ihn generator tube is directed at a fixed 
angle toward a hard Hat surface. The receiver tube is adjusted 
with respect to anylu and the intensity of the reflected sound 
measured as a functinn i)?' \.\\'^ ppf]pp[;^pp angle. 

What is tfie anglf! o- the main reflected wave? Compdre your 
observations with the result;, repoi'ted in the short concept movie on 
Bragg reflection froiii- ^ requlai' structui'e. 

Observe the r^'fl n.tlon of soiiin! rrnni .\ i-eyular rootbridfje 
railinij usituj the iih .erv,! i 1 im , yen have iiKiee on reflectioi]. 
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EXPERIMENTS ON INTERFERENCE 
BETWEEN TWO C OHERENT SOURCES 

Interference occurs when two or more w^va trains meet if 

1) they are of the same frequency - otherwise they will not give 
a simple singly periodic disturbance when added together. 

2) they are cuherent - this means, not only must they have the 
same frequency, but there rnust be a constant phase relationship between 
them. For example, A and B are coherent, but C and D are not. 



B 
c 

D 




k. Method - To deniu^.ti 
and examine this pat ;cr'n 
cal.wavfs are produced t 
through the hand he ! J -^i 
provides an apertur :^ i - 
relative position, uriiif 
single dipper by a d.^ii ^ 
Two such sets of conc:^i' 
which can be clearly ^a.t 
attached to the samD bar 
coherent, i. e. alwd>i h 



ite the principle involved, set up the ripple tank, 
produced with a single small round dipper, \Cyl1ndri- 
,id sprtind out from the source. They flla^^ be Examined 
; uLuswupe, which, if rotated at the correct speed, 
i.-'ok thrbuyh when successive waves are^ in the same 
iiij the wave pattern to rest. If we replace the 

tjtie, wo oet two cylindrical patterMS superposed, 
ric rings give a Moir6 patternj as shown in the figure, 
n in the ripple tank. Note, since the dippers are 
, tnL;y not only have the same frequency, but are also 
.■f t\\e same phase relationship. 
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Each point on the ITne of the pattern labeled A 1n the figure is equally 
distant from the two centers so along this line crests and troughs coming 
from both sources reinforce, and produce crests and troughs twice as big as 
from one source. If we move away from this line to line B,. here the crest 
from one source arrives at the same time as the trough from the other, 
cancening, so the surface of the ripple tank Is undisturbed or ftet along 
line B. The distance from a point on line C to one source, however, is Just 
one wavelength more than to the other. This means troughs and crests again 
arrive in phase from the two sources, and we get big maxima and minima. 
For D, we have calm again, and so on. If we examine the surface along line 
X X', we see it is a standing wave such as we had on a stretched string. ' 

WAVE fi^oH X 
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The surface is alternately cairn or rough -^^ a node or an antinode. However, 
^if we look along the direction A A' at j^ight angles to this, we see we have 
a traveling wave, as the crests and troughs move away from the sources. So 
this pattern of interference on a plane 1s like the two cases of traveling • 
and standing waves on n string. If the waves travel -in opposite directions, 
interference gives us standing waves, as at X X', but if they travell^n the' 
same direction and are in phase, we get a large traveling wave, A AV^f"" 
however, they are out of piiase, we get nothing, as B D' . 

Photograph the pattern. Measure the distance directly between the 
dippers, count the number of waves between the two dippers and calculate 
the wavelength .don't forget these are standing waves). Measure the frequency 
of the npplinc device using a sCop watch. Calculate ripple speed from the 
equation speed « frequency x wave length, 

B) If, instead'., I ripples, we use sound waves, we can still set the inter- 
ference pattern. Mount Lw., shm I I ;.ransd.u;ers (.rvstaUov mylar toil th.t 



both as mi 



a wooden boa 



& 1 



or 

His Uuice 



A Lnach 



\V\ act 
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of 40,000 cps where the transducers are resonant. Place a third small 
transducer a distance L. equal to 30 cm, away, and move it sl.owly crosswise, 'a 
shown, in Fig. 4 noting the maxima & minima, with the microphdne connected to 
the oscilloscope. Map the maxima and minima on a sheet of p'iaper, a^d a 
pattern appears closely resemblin| that of the r'pp'es with two sources. 
Now^^we would like to find the wavelength of the sourd f^om the interference 
pattern. Pick a suitably large dfstance from the s- rce, and measure the 
distance from the center maximum E to the next maxin.i out, F as shown. 
The distance from A and B to E is the same - ' -s are in phase. 

Now, for waves 'from both sour , . , , phase at K , the distance 
AF must be larger than the distance BF by Just one waveiength, i.e. the 
distance AG is equal to X. The angle FH E = 9 is the same as the ar 



.le 

ABG, because EG is perpendicular to HF. This means M = ii = g 

AB. EH 

D ^ L 

Hence find A from A = = 

Use several estimates for £, and use different values for L. Hence cal- 
culate A, and its error, and then calculate the velocity of sound from the 
known oscillation frequency from speed = frequency X wavelength, as for 
the ripples. 

3) Lastly, we would like to perform exactly the same experiment 
with light. For this purpose a HeNe laseris used. Two slits with a known 
separation found by a microscope are held in front of the laser beam with 
a rubber band and a white screen placed 5 meters away. The two slits act 
as coherent sources there is always an exact phase relationship between 
the two slit sources, because the light from both origi'nates from one 
source the laser. For light waves, two coherent sources can only be 
obtained by splitting the light from one source. In sound, the two trans- 
ducers were also coupled to the same source, but It would have been possible 
to use two separate osciliators - not so 1n light, because it is difficult 
in practice to keep the phase exactly constant. On the screen the maximum 
dnd mr niium of the interference pattern appear as a series of lic|ht nnd 
dark bands, and, using the same noiiiencla ture as for sound, so tfiat ^' is 
the distance between bright Una, on t;ho screen, vm may us.; che samu formula 
to de to rini ne tfu^ wd vt; I u ng iJi , 
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Hence calculate the wavelength of the laser light, and give the error. 
CQnclusion 

The phenomenon of interference between waves emanating from two 
coherent sources is a universal phenomena of wave motion, We have seen 
how it occurs in ripples, sound, and light waves, and can be used to 
measure the wavelength. 

Equlpinent - Ripple tank - McCallister 

Welch 
etc 

Transducers - Available from most electronics stores - used to 
change channel on television receivers 
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VIBRATING STRINGS 



Whenever a guitar or violin string is stretched tighter or made 
shorter^ the pitch at which it sounds when bowed or plucked is heightened, 
i.e., the vibration frequency increases. It is the purpose of this ex- 
periment to demonstrate the various physical parameters on which tuning 
depends, v 

Theory : Stationary waves are set up in a stretched string whe^ two equal 
trains of waves traveling in opposite directians aVe impressed upon it. 
Certain points called nodes such as a or b in the figure, are never dis- 
placed from their rest positions. All other points on the string'^'are in 
constant vibration, the maximum vibration occurring at the loops midway 
between the nodes such as points c or e on the string. The portion of the 



string between the nodes is called a segment. 




a and d, a node is formed at each end, a and d, and also at other points 
such a^ b. Do not include the length of string d to g in L since it is not 
vibratfng. The term wavelength is defined as the distance along a wave 
between 2 adjacent points that are vibrating 1n phase, i.e,, 'traveling in 
the same direction and with the same speed. Two such points would be e 
and f so that the distance between them would be one wavelength, A, Likewise 
the distance between b and d is also A. The distance between e and c is 
1/2 A since e and c are vibrating 180° out of phase. The corresponding 
length of 1/2 A would be the length of a segment, a to b. In the length 
there are an integer number of segments, or an integer number of half wave- 
lengths. Call this integer, k. So, k may be 1, 2, 3, etc. In the figure, 
k^3 since 3 segments are represented. The tone sounded by the string in 
this mode is called the third harnionic; i.e., an Integer multiple of the 

fundamental, f . . Thus f.r^3f, , f.-4f, - 
1 J 1 4 1 

L - k(l/2A) 
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The familiar harmonic series is thus generated. 



m 



Intensity 



■•a 



A2=f^=nOHz 
Ag=fg=8f^=880Hz 



In the string itself, the number of nodes produced is Thus A 

would contain 7 nodes. 

The speed of the wave, V is given by the product of the frequency and the 
wawlength, fA. Elimination of the wavelength yields 
^ V - (2fL)/k 

The speed of the wave depends uniquely on the tension in the string, 
and the linear density, u* One way to determine u would be to measure 
the mass of the string between points a and d and divide this by L, Thus, 
corwlhient units for y might be gni/cm. The tension F, is gAven by the weight 
which hangs on the end of the^ string. F will be the sum oflthe weights 
of both the slotted weights and the weight holder. Be certain to use the 
correct units in your equation, e.g., dynes instead of gm 



/ 



Eliminate V and solve for 



y - F(k/(2fL))^ 

Apparatus : In order to sustain stationary wave patterns along the length 
of the string, 3 systems of energy coupling will be described. 

System A consists of an alternating current-carrying wire positioned 
in an externally applied magnetic field. If an audio oscillator signal 
drives a power amplifier, the output may supply several amperes to the 
terminals of a monochord. The monochord consists of a board on which two 
bridges are mounted to support a steeT wire. A spring scale^can be placed 
between the wire terminus and the bridge. 
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to measure the wire tension. To improve coupling, the field position 
should be adjusted away from nodes. Care should be taken not to overheat 
the wire. 

System B is the standard electrically driven tuning fork device as 
produced by Cenco. Because of the mechanical operation, overtones of the 
source are suppressed and a purity of wave character obtained. 

The string can be passed over a pulley and attached to a weight 
holder for tension measurements accurate to 5 gm. The experimenter in- 
creases or decreases the tension by pushing or pulling on the weight pan 
and noting 1f an increase or decrease in attached weight 1s required to 
obtain a given number of segments. 





In system energy is supplied to the string by a loudspeaker 
driven by an audio oscillator. The coupling device between the speake^ 
and string is the inverted cone part of a Dixie-cup cut to fit inside tne 
speaker and voice coil with s1l iconfrplastlc (bathtub calking compound) 
A speaker should be chosen such that the height of the Dixie cup shoui 
exceed the depth of the speaker 1n order to have string contact. Contact 
is maintained with the string via a thin cut In the point of the cup-conp 
If an Identical "transducer*' system, is placed at the other end of the 
string J this second speaker may be used as a resonance detector. The . 
output 1s viewed on an oscilloscope. 

a: 




Part 1: Mechanical tuning: Fixed frequency, variable tension 
Although all 3 systems may be used in this part, system B is preferred 
for accurate tension measunements . It seems superior to the spring scale 
and tuning key. Vary the tension and record its value for maximum dis- 
placement amplitude of from 1 to 5 segments. Measure the length, L of the 
vibrating portion of the string r^.g . , from^ the tuning fork to the pulley. 
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Note and record the driving frequency, f. Calculate y for each K. 
Determine the average and compare it with the value of y directly obtained, 
1.6.5 measure the weight of the string and find its ratio to the entire 
length. To see the functional relationship of the tension with the number 
of segments, plot a graph of as ordinate versus K as abscissa. 

Part Z\ Electrical tuning: Fixed tension, variable frequency. 
System B is not to be considered for this part since the tuning fork tension 
1s constant. The tuning is accomplished electrically by varying the audio 
oscillator frequency. Determine the fundamental frequency (first harmonic) 
at which a single segment occurs (K^l), Increase the frequency by about 
an octave to locate the resonance of a single node (K=2), This may not be 
exactly twice the frequency due to stiffness effects in the string. This 
error is reduced at high tension. Continue for as many modes as are ob- 
servable. Plot a graph of frequency as a function of number of segments. 
If the tension is available, compute the linear density, y and also the 
wavespeed, V, Compare this to the product of wavelength times frequency, 
Xf by obtaining the product of the string length L with the second harmonic 
frequency, fg. 

Part 3: Fixed tension, variable length. 

This establishes the relatiorfehip between higher pitch and shorter string 
length. Start with a low frequency in systems A or C and tune the frequency 
to the fundamental mode in a long string. Reduce the string length and 
retune to the fundamental. Make 5 determinations and plot a graph of the 
reciprocal of the fundamental versu^ string length, j.-,e, 1/f versus L. 
Part 4: Variation of Linear Density 

Repeat the above experiments using different media. For a fixed tension 
and length, obtain u for steel wires of varying diameters, nylon, cord, 
and thread strings. Determine the fun^damental frequency of each. Which 
type of material should be used for high notes, which for low? 
Part S: Determination of resonance response. 

In system C, measure the amplitude of the fundamental A^, i.e., the maximum 
displacement of the wire of a monochord. Note the fundamental frequency f 
Decrease the frequency below resonance to f^ where the amplitude is ap- 
proximately p.707A Record f ^ . Nov/ tune ts f^ abovo -esonanfcp whpre A--A,-0 KVk 
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The system Q 1s defined by f/Cfg-fi). Determine Q^, If an oscmoscope is 
available or AC voltmeter as a second choice, read the output voltage at 
resonance, V^* Determine f^ at V^-0.707V^ and fg at Vg^V^ • Find Q^, from 
the electrical determination and compare it to Q^. 
Part 6: Stroboscopic Effects. 

Tune to a string resonance with an audio oscillator. In a darkroom, adjust 
the strobe frequency to match the oscillator frequency. Strobe light on 
a white string against a black background is impressive. If a Type 1531-A 
Strobotac is used, the oscillator can trigger the strobe automatically 
and produce precisely stationary effects such as a string ''hanging'- upward 
in a bowed curve. Be sure to multiply the strobotac reading by 60 since 
the scale is RPM rather than Hz. One advantage of the automatic triggering 
is the strobe frequency of the fundamental is Imnediately found. ' With 
manual strobe tuning, it is possible to "come across" a sub-multiple, such 
as 1/2 the fundamental frequency in which the half sine wave pattern would 
be correct although the string is illuminated only on alternate vibrations. 
However, after the correct frequency is established regardless of harmonic, 
a flashing frequency just off the string frequency gives the more desirable 
effect of a slowly varying string. Tune the strobe frequency to twice 
that of the string. With two flashes per vibration, two strings appear. 
Adjust the strobe frequency, "phase" until the strings appear at their 
amplitude. Triple the frequency and view three strings. Try half this 
frequency, i,e. 1 1/2 the strjkig frequency. Describe and explain what 
is seen* 

If a violin 1s available, bow it. Then view under strobe light 
the resulting complex waveform. Sketch it. Read the article in the 
January 1974, issue of Scientific American (p, 87) on "T^e Physics of the 
Bowed String" by John C. Schelleng. The waveform is formed by the inter- 
section of two straight lines. Note the circulation ^of this intersection 
with the strobe. 
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A STUDENT PERCEPTION OF VIBRATO 

When a vibrato is sounded, the ear of the listener hears the top 
pitch of this var^ng note. When a violinist plays his note, his fingers 
vibrate to lengthen the strings and thus provide lower frequencies under 
the note. Do musicians agree with this? Some folks do. 

When a vibrato 1s sounded, the ear of the listener responds to the 
average pitch played between the top and bottom tones sounded. Do music 
students feel this is correct? Some folks do. 

When a vibrato is sounded, the ear of the listener responds to any 
note needed or subjectively selected by that listener from the vibrato 
range. Thus a note may be picked in the interval to complete a musical 
phrase or melody or to coincide with a note from another musical instrument. 
Do you consider this correct? Some folks do, 

A pertinent comment on this topic is made in an article by W. Dixon 
Ward entitled ''Musical Perception'', p. 423 contained in ''Foundations of 
Modern Auditory Theory',' Vol. 1, Jerry V. Tobias, ed. Academic Press, 1970, 
The article states: "That 1s, although the Judged pitch of a tone with 
vibrato heard in isolation may turn out to be the same as that of a steady 
tone at the mean frequency level, it is possible that an interval will be 
accaptible if the varying tone merely includes the frequency that the 
listener considers to be the correct one for a particular interval. This 
notion was expressed by Kock in 1936: *Thus a note originany off pitch 
may be made acceptable by imparting a frequency vibrato to It, provided 
the intended pitch Is included in the vibrato interval and provided the 
vibrato interval is not too wide to be objectionable,"' ' 

It is the purpose of this experiment to investigate how the ear 
responds to the vibrato and report ^ample results for a guideline. The 
test subjects were 14 physicists attending a Physics in the Arts Workshop 
sponsored by the National Science Foundation at the University of S.C, the 
, summer of 1974, In short, the subject matched the pitch of ah audio oscillator to 
the remembered pitch of a vibrato fror a^tape recorder. The tape was p>epa)^d 
from the output of a voltage control oscillator. Essential ly, the sub- 
jects attempted to match the pitch of a frequency modulated wave by 
memory only. If they were\to hear the tape vibrato along with the audio 
oscillator sound there would be a tendency to match cheats at the upper or 
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.Tower frequencies rather than obtaiR a pitch perception. A simple toggle 
switch providid the means to listen to one or the other. 

To prepare the tape, test parameters must be selected. Musicians 
feel that vibrato rate, or the modulation frequency along with vibrato 
depth (quarter tone, half tone) are mainly responsible for controlling 
the warmth and emotion that their instruments produce. In the South 
Carolina tape, vibrato rates of 3, 5, and 8 Hz. were used with a depth of 
from 35 to 91 cents. Two othep" parameters 'included in the test werf the 
basic frequency and the type of modulating signal generated. Sine and 
triangular waves were selected, the latter so chosen that the rate of 
frequency sweeping was the same in any differential frequency range. Most- 
of the tests w^re run within 15% of middie A. High and low frequenci^ ' 
Increased subjett difficulty. / 

The upper and lower frequencies of the vibrato can be obtained by 
connecting a frequency couriter to an audio oscniator. A Lissajous figure 
is formed on an oscilloscope from the voltage controlled osciMator and the 
audio oscillator. When the Lissajous figure becomes momentarily stationary* 
(and does not move in reverse), the frequency meter reads one of the 
vibrato pitch extremes. As a check, the frequency meter can read the output 
of the VCO and Integrate over a time span much greater than the vibrato 
period. Thus the average frequency is obtained. 

With the 4 parameters precisely identified, the test was designed 
to give a variety of combinations. Test I was a monotone to check If the 
subject might be tone deaf. It also served as a control to see how ac- 
curately a subject could match the correct answer, provided there was one. 

Test, results indicate that although an individual might select a 
pitch any where within the full depth of the vibrato range the entire group, 
average was quite close to the average provided by the frequency meter. 
The 9th and 12th test subjects (as Indicated by counting the dots from left 
to right) have arrows indicating that they selected pitches outside the 
vibrato range. Perhaps there was a matching of chords. The last 2 test 
subjects were singers and seenied to come consistently close to the average. 
Can you determine the group to which your ear responds? Some folks dn. 
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LOUDNESS LEVELS 



Prom your Nadlng In the text you wm know that your ear does not 
perceive the Intensities of sounds In a linear way. If the power to a loud- 
speaker Is doubled the sound you perceive will not seem twice as^pud, instead 
ft will seein much less than tvrice^as loud. A graph of your sensations of 
loudness plotted against the power to the loudspeaker would look something' 
Hfce this - 



sensation 
of 

loudness 



loudspeaker power 

Because this graph Is not a straight line we say, that the sensation of loudness 
is a non-llnear function of the ^sound power. Sound levels are most frequently 
measured 1n decibels (dB), an arbitrary scale based on the^logarlthm function^ 
which only crudely approximates the response of the ear. We convert other 
physical measurements to the decibel scale as follows: 

Acoustic y—^^ ' Electrical 



L - 20 log p/po 
L ^ 10 log ,1/1 



L = 20 log v/Vq 
L = 10 log P/Pq 



In these equations L is the sound intensity level in. decibels and ' 
p is the sound pressure in dynes/cm 
I is the sound intensity in watts/cm 
V 1s a voltage In volts 

P is a power in Watts ^ ^ 

All those quantities with a subscr1pt'o"are reference levels. For acoustic 
measurements the rfeference Is usually the threshold of hearing. Therefore, 
Iq, for example, Is usually 10"^^ watts/cm^. 

In audio electronics the measurement of sound levels are made elec- 
tronically. There 1s no such natural reference poinl^as the\threshold of ^ 
hearing. In practici a variety of reference points' may be used. For, example, 
the amount of noise added by an amplifier to the musical signal might be' 
quoted as, "Signal^ to noise ratio = 80 dB," IhH means that • 

80 = 20 log I glf^g ^^ 
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Comparing this formula with the abovt tabli you can see that the average noise 
voltage Is taken as a reference. The above statement says that the average 
signal voltage 1s at 80 dB relative to the reference noise voltage* 

Electronic readings of audio signal levels are made on a VU meter 
(volume units). On the next page you will find an accurate drawing of the 
face of a typical 'VU rpeter used in magnetic tape recording. There are two 
scales on this face the lower ^ smaller, scale reads voltage |^^H|bentage 
of the optimum recording vol tag?. When the meter reads 100%^B^he signal 
to noise ratio^wlll be as large as it can be without distortion due to exces- 
sive signal voltage. The upper, scaje reads decibels. Notice that 0 dB on 
the meter corresponds to the optimum recording voltage, 100%, Therefore ^ you 
know that the refarence point for the VU meter decibel scale is a reference 
voltage equal to the optimum recording voltage. 

Let's check out the decibel scale of the VU meter by comparing it with 
the voltage scale in %. Our basis for comparison will be the angle e of 
needle deflection. Because of the mechanics of the meter movement itself ^ 
the voltage scale 1s not^exact^ 1 inear with 9, Use a protractor to measure 
the angle of meter deflection from the l^t hand edge of the scale for relative 
voltage readings given by the dots on the lower scale at 20, 30, 40, 50, 6^0, 70, 
80, 90 and )Q0%. The table of your read1n|s will be the function y{Q)/>/^, 
relative voltage as a function of angle. Now use a p^iece of graph paper to 
plot 20 log [v(0)/V^] on the vertical axis against 0 on the horizontal axis. 
The curve that result^ from connecting the points should be the decibel curve. 
Finally use your protractor to measure the angles for the indicated readings 
of the decibel scale -20,^-10, -7, -6, -5, -4, -3, -2, -^1, -0.5, and 0 dB, 
Compare these readings with the curve you have drawn. 
Experiment: To use the VU meter to demonstrate the inverse square law of 
sound Intensity. 



Apparatus ; 



white noise 




amp! if ler 


source 







speaker 



microphone 



^ Tape Recorder 
VU 

meter 
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According to theory thi Intensity of sound at the microphone obeys the rilatlon 

I a r ■ * 

so long as r is not small compared to the dimension of the speaker. Suppose that 
ts do^id, By how many decibels do you expec| the VU meter to drop? 
Test your answer expe^mentany. To get the most accurate reading set the 
amplifier gain and tape recorder input level so that the VU meter 'reads 0 dB, 
This is then the reference' Intensity. Now dduble the distance between mlcrophon 
and speaker and again make a reading, 

Questions: 

1, Why do we use a noise source rather than a pure tone for this measurement? 

2. What are the effects of surrounding objects, such as tables, walls, floor, 
ceiling, on this experiment? 

equipment: 

Accurate drawings of VU ^meter face 

Protractor ^ ' 

White Sound Source (an FM radio tuned to an unused channel win do) 

Amplifier ^ 

Speaker J 

Microphone ^ ^ 

r-, VU Meter (a tape recorder with a vu meter w^'ll also provide the necessary 
microphone preamp,) ^ ^ 



■ . ■ ■ ^ 
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THE VIRTUAL PROFESSOR 

One problem with demonstratJons of transverse vibrations of springs 
Is the explanation of the phase reiversal of a pulse that is reflected 
from a fixed end mount of the spring. Since the fixed end mount cannot 
move, the usual\explanat1on involves superimposing two waveforms of identical 
Shape but opposite polarity and proptgation vector passing through the 
fixed mount. Since the sum of these two waveforms will be zero and 
independent of time at the fixed mount we say this leaves the mount unmoved. 
But what is the source of the wave with reversed polarity and propagation,, 
vector? 

A simple mathematical trick with Fourier analysis creates zones that 
are familiar in crystal physics and other wave mechanical treatments. If 
we have a standing wave system we can divide the space wave. The zones will 
then be identical as far as the characteristics of the wave motion are 
concerned. We can say one zone alone is necessary to.describe totally the 
original whole space if we Just duplicate thr^ zone to fill the space. 
A one dimensional zone would thus be thODghtybf as having waves entering 
from the left and a second set of w|j^^es ^tiring from the right with such an 
amplitude and phase as to,,«atTC'erl't th« boundaries of the zones. The 
whole standing wave i|/thus described in the zone by these two sets of 
traveling waves.,, '"^ ^. 

In like^mSnner to the zone we can e#yision the fixed wall mount of the 
spring as th^fc^dary of a zone in which we are found. The traveling 
pulse moving tolw the wall will be balanced by a pulse comtng from the 
next z'one (Virtually behind the wall) through the mount into our zone. ' 
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The pulse coming from the virtual zone will have opposite polarity 

and propigatlon vector compared to the one created In our zont. 

As an approach to seeing Into^h^ zone behind the wall we plact 
mirrors on the wall around the mount and the student sees the reflected 
Image bthave Just as a "Virtual ProfessDr" would. The symmttrlas are 
not exactly corraeti howevar, since the pseudovector relationships of 
reflection of transverse displacement do not give an opposite polarity 
to the virtual pulse approaching the mount from the virtual lone. Both 
pulses appear to have the same polarity. The timing Is obviously perfect 
however, in that the real pulse and the virtual pulse arrive at the^wall 
mount simultaneously and proceed "through*' the wall with a polarity reversal. 
The Impression of passing through the wall Is overwhelming, however* and 
emphasizes the effect streised by the Fourier analysis. 

The possibility of using a corner^ of mirrors was considered and a 
cursory experiment/Indicates Jhat a very large mirror corner would be 
required due to t^a restrictions of the angular view generated by the corner 
reflection, Theoffeticany , the corner would give the proper polarity to 
the virtual! pulse. 
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^^^^""^ Pulse 
Pulse and its image, the ''virtual" pulse. 

Practical Hint - It 1s best to use a "slinky" on the floor'- th 
wave travels more slowly, and the polarity of pulse can be seen 
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Reverberation Spring 

Modern -recording techniques leave as little as possible to chance 
As the orchestra or band plays individual microphones pick up the sound^ 
of etch section or each instrument (tight mi'keing) and send those signals . 
to Individual tracks of a tape recorder. In making a rock recording 
there may be as many as S microphones and tape channels on t^e drums alone. 
Tape recorders with 16, 24, and 32 separate tracks are the Industry 
standard for recording sessions. These separate tracks are then studied 
In detail, el ectronica^y modified or perhaps individually redone before 
they are mixed down to make the master tape. Because of the tight mikeing 
there is little reverberation or echo from the recording studio present . 
on the tape. However, we are normally used to hearing music played in some 
enclosure or another and music without the normal reverberation of a room 
typically sounds dry and lifeless. This is particularly true of romantic 
works such as the symphonies of Beethoven. Therefore, reverberation must 
be added artificially. 

The simplest and cheapest ^way to introduce artificial reverberation 
during mixing 1s to use a mechanical' delay line' or rBverberation spring. 
Reverberation springs are used outside the mixing studio'as' wel 1 , They 
are used in Moog and Arp synthesizers to add realism to the electronic sound 
^ Inexpensive reverberation springs can be added to automobile radios to 

provide a sense of depth to the sound. 

■ . s 

The rfeverberatlon spring provides a relatively real istic slnAlation ; ; 

of reverberation in that Its output includes/ieveral well defined echos ' 

followed by a Jumble of sound with an axpoffentia'Ndecay . The reverberation 

spring 'consists of a spring about 10 oflflong with electromechanical 

transducers at each end. One of^;^ transducers receives an electrical 

signal from an amfrfffier and converts the. signal into mechanical vibrations 
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Of the spring. The mechanical vibration propagates down the spr1-ng 
untn it com&% to the second (receiving) transducer where ity^neratis 
an electrical signal. The vibration is also reflected^lrtj>fat end, * 
propagates' back the spring until it is reflected by the end of the 
spring where 1t started. The vibration then propagates down the spring 
again to the receiving transducer where it creates* a secon^ elictrical 
signal. This reflection process conti''nues until the energy losses due ' 
■to friction In the spring reduce the amplitude of the vibration to zero. 
Because the reverberation spring Is supposed to simulate the effect of a 
large room the time interval be.tween echos Is long, say 25-30 milliseconds. 
But a vibrational pulse has only to go about 10 cm (or*2b cm for a round 
trip) to create the echos. Therefore the speed of "sound on the spring is 
very slow - typically about 1/lOOth of the speed of sound In air. Thi 
vibrations of the spring itself may be of several kinds. They may be ' 
compresslonal in which the coils of the spring are. al ter'nately squeezed 
together and separated, they may be tra'ns verse in which the coils of the 
spring move perpendicular to the direction of propagation of the sound 
wave. Or, they may be torsional in which the sound wavei--movi^ by twisting 
the spring. To some extent all gf these three types of ^ vibrations are 
created on the spring, but .one of them will be coupled most strongly to 
"^e transducers and will be by far the predominant vibration. Which of 
the three types of vibration is predominatit d%pends upon the particular 
ipring and the type of: transducer coupling, 

One of the. practical difficulties with the rav*erberation spring 1s that 
its frequency response is a) limited to something less than the entire .a^dio 
.spectrum and b) very ragged with many peaks and valleys. This poor 
response leads to a coloration of the sound passed by the spring, .namely / ' 
the .Imposition of a tonality which is chij^act'eri sti c of tf^^pning it.self • 



and not of the music being transirittted. In, practice" this problem, need 
^ not be fatal bKause-^a) the reverb signaf 1$ usually m^lxei In rather 
K small proportions with the original aydio signal and b) the normal effect 
Of a reverbirant room 1s to color the sound somewhft, Thersfora, the 
spring revtrb does not sound completely artificfal. 

Experimentf This Experiment consists of several connected parts, 

- ' y * 

A. Determine the velocity of'sound on the spring by Introduclgg 
pulses Ind u^1ng an oscnioscope to measure the delay time fo^ the pulse 
to propagate down the spring. You will be .able to observe' the first 
arrival, of the pulse at the receiver as well as a number of 'Subsequent • 
echos. 



B. Determine the resonance frequencies of the spring. It 1s the 
Strong resonances of the spring that liad to coloration of the sound. 
Theory of the resonances : , 

■fte'spring is fundamentany a one-dimensional system with fixed 
boundaries. Therefore, the resonant modes of vibration are 




mode 1 
mode 2^ 

mode 3 

where L is the length of the spring 
X Is the wavelength o^the mode 
7 IS the frequency of the mode' 
. V is the speed of sound on the spring, 



L = 



X 

2 ' 



L = 2(f) ; f = 2 (^) 

L = 3(|) ; f = 3 (^) 
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. Notice thai the resonances are equ'any spaced 1n frequtncy. The 
common frequency difference is (v/2L) . You will be able to Identify 
more than 30 resonances . • 

C. Visually identify several. of the resonance-modes (or standing 
waves) of "^lowest frequency. I.e. the particular modes shown in the 
figure above. - - 

D. Listen to some music played through the reverb spring. 



Procedure: 

Part A. Sound velocity. 




Set the square wave g^erator to produce two cycles per second. 
The reverberation spring will be sensitive only to the changes of the 
square wave which will appear as pulses. Adjust the output level of the 
square wave generator and "the oscinosc'ope so that the output of the*' 
spring reverb can 'be seen on the oscilloscope screen. Now adjust the 
trigger setting so that the oscmoscope trace is initiated twice every m 
second. Each successive pattern on the screen should appear Identical . 
Although the revferb spring 1s transmitting 2 pulses for each cycle of. 
the Square wave, ^one positive the other negative, the oscilloscope sweep 
is triggered only on one of these pulses for each cycle. 

The pattern you should see looks like this - ■ ' 









Using -the calibration of^the dscllloscope sv/eep measure the time 
t^. This Is the time required for the pulse starting at the transm1tt1ng\„ 
transducer to reach the receiving transducer. Now ineasure t^. .This is 
the time for the first round trip and it shouVd be twice as long as t, , 
the time for the one-way trip. Now measur^tgi the time for the secQhd'^ 
round trip which should be equal to tgl €/ 

Next measure, the length of the spring from the first col V to 
the last, neglecting the connecting, loo^ at the ends of the spring* The^ 
Speed of sound on the spring 1s equal to J ^ ' 

K • * L/t^ : . 

■ * ■ / 

You are now prepared to predict the conmon frequency differences 
for the resonances of part B, The convnon frequency difference 1s (f/2L)^ 
or^from the above formula^ this conimon dlffel^ence 1s (l/2t. ). ^ ;^ 

Part B: Resonances 






The level monitor, which may be an a.c. voltmeter or the second trace 

of a dual trace oscilJloscqpe, Is useful 1f quantitative meaiurements of the 

• :/ ■ , , II : 

height of the resonances are wantedl- With this monitor 6ne can adjiist the 
oscillator output to be constant ilidependent of. its frequency. 

Tune the oscillator around the region of 400 Hz where". there are ^ , 
typically the strongest resonances. , Adjust the oscmosco'pe input and the- 
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scope screen. It is best to apply only a weak signal *to the spring' from 
the oscillator and to amplify the spring output by using -the most 
Sfinsitlvo setting of the oscilloscope >nput,so long as the output siinaT ' 
.1s> not 'badly distorted by noise vibrations within thrf room which are " 
picked Up by the spring. To reduce this noise it may ^^e Kelpful to place 
-the reverb spring unit* on a piece of rubber foam. * ' ■ . 

No^make^a table of the resdnance frequencies. Tune. the oscinator 
frequency carefully so that -the resonanci peaks appear as large as possible 
on the screen. The rtsonances are very sharp and therefore, some time is 
required for them to develop,. When searching for resonances you will have 
to tune slowly. Find t^e frequency differences between successive resonanci 
and compare these differences with the expected value calculated in part A. 

The low frequency resonances, at less than 100 Hz, are more difficult 
to excite than the higher ones. They are brflader, not as strong, and often 
are not quite in tune with the expected* frequencies. To observe these 
Msonances may require increased output from the sine wave generator. 

Pa^ C: Observe some of the lowest frequency resonances by visually noting 
the nodes and anti nodes of vibration. The lowest resonance has no nodes, 
the second resonance has one node' etc,. as shown in a previous figure. 

By observing these low resonances you will be able to determine the 
type of vibration (compressional , transverse, er torsional) which Is 
predominant in your spring. If your' table of resonance frequencies Is 
complete down to the lowest mode then the visual observatTon will provide 
a base. from which you can assign the mode character of all the resonances 
you have seen. 

Part D: As you listen to music through the spring listen for the 

. ■ i 

coloration of the sound and fo^. the decay time of the reverberation. 



Equipment: . . 

Pan A: Any squars wave gener?ai^r capable of supplying 1 watt into an 
8 a at l -cy^-le per ^econd^ l A st^^ 

may be needed on this genera tor output J - * , - 

. , ■ =^ ' * 

Part B and C: A sine wavf gineratbl|capable^^^^o^^^ 
an 8 n load, 15-500 Hz. 

A digital frequency counter. 

Optional: Level monitor such as I.C. voltmeter. 

\ ' " ■ ■ 

Part D: A loudspeakar and source of muajc, e.g, A radio. 
Generally: A spring reverb. These are mpst conveniently bought is 
reverberation units for rear speakers in ifi automobne under such brand 
names as "Stereo verb" or "Stereo magic." ^jie reference to "stereo" Is, 
of course, misleading. The reverberation do« Introduce a sense of depth 
into the sound it does stereophonic reproductwn. These units sen for 
less than $15 and Include a small power amplifwr. With such a device no 
additional arppllfl cation after the spring is ne*ed. However, these units 
do require a power supply, 12 v (? 0.5 amp. typ. ^en selecting a reverberation 
unit the rule to follow Is to buy the cheapest on^^;available.. Inexpensive 
models will likely have the most pronounced resonates. Furthermore, some 
reverberation units are made with two paranel spri^\s, both of them driven 
by and driving the same transducers. Such units may^ive better sound but 
are clearly unsuitable for this experiment. One is u/ilikely to find dual 
springs 1n the cheaper models of automobne reverbs. 

Alternatively one can buy the reverberation spring with transducers mounted 
on a simple frame with no an^lifier from various alebtronic supply houses. 
Eg. Olson Electronics, Akron, Ohio, May 1974 less than $1,00* 

Oscilloscope: Must have triggered calibrated sweep. 



\ 




Trigger 



I 



25 m/sec 



received 



5m sic/an 



I. 




Trigger 



•1 

25 



'2 
50 



3 
50 



Measured spring length 8.8 cm 

V 



o'ogS = 3.52 m/sec, 



50 m sec 



20 m sec/cm 



tg tg 2t^ 
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ConiDre^ilonal Mode 
. • Successive Resonancgs - stereo miglc - (17 June '74) 
* Frtq.{Na) Height if (Hz.^ 



18 
36 

53 
72 
91 

110 
129 
129 
169 
^ 189 

228 

249 

268 

288 

308 

328 

330 

3.48 

368 

371 

388 

408 

428 

447 

449 



sr 

0.03 

a 08 

1:0 

1.2 " 

1.8 

1.8 
2.8 
2.8 
fa4 - 
3.0 
3.6 
3.4 
3.6 
3.4 
3.4 
3.8 
1.8 
3.8 
2.0 
1.C^ 
4.0 

4.6 
1.8 
1.8 



18 - tundamental no nodes 



-18 



- 17 

- 19 
~ 19 

- 19 

- 20 

- 20 

- 20 

- 19 

- 20 

- 21 

- 19 
. 20 
. 20 
. 20 

2 1 
18 
20 
3 

17 
20 
20 
19 
2 



3rd ^armonlf 2 nodes, 
2nd harmonic one node 

rasonances are broad. 



resonancts are sharp. 



Broad 



- 20 Assigned to a non- 
compressional mode 



20 Assigned to a non- 
compresslonal mode, 



An 

Sharp 



spitt 448 resonance noti 
ampl , dependent. / 



25 
26 

17 
28 
29 

31 



f rtq . 
468 

487" * 
508 
528 

546 
565 
585 
605 



Height 

3.e " 
3.4 

4.4 ~ 

3.2 

3.2 ~ 

3.2 
2.6 

3.2 ~ 



. 19 

19 

20 
18 
19 
20 
20 




Thtre Is no particular reason to stop here * one can continue Indefinitely 



THE AIR RESONANCE OF GUITARS AND VIOLINS \ 

Object: To Identify the air resonance of a auitan or violin and investi- * 
gate its contribution to the sourvd quality of the instrument.' 
^Apparatus; A guitar or violin, an opened beer or soda can (flip-top ' 
opening preferred), masking tape; a^ano ,or a device to gefwwitfr aud+bH - 
tones of tnpasurable frequincy (unnecessary if you have perfect pitch). 
Procedure : -Probably eyeryone has blown across an empty bottle and produced 
a tone of definite pitch (along with various amounts fof hissing sounds). 
With a bit more difficulty. I.e., more hiss and less tone, blowing across a 
guitar sound hole or one of the f-holes In a member of the violin family 
w.in produce a tone referred to as the air tone, air resonance, or Helm- 
hoitz resonance of the instrument. The latter designation - ' 

identifitf^^^e physical origin of the tone.- the Helmholtz resonator is a 
somewhat bulky, rigid container enclosing ftn air cavity. The container 
usually has only onC opening which 1s small compared to the dimension^ of 
» the container. A tone is produced when the mass of air surrounded by the 
small hole is forced to oscillate in and out over a small range. The 
volume of air trapped In the container acts as a restoring spring for the 
oscillating air mas*. The pitch of the resonator Is lowered if the area 
of the hole Is decreased (most people guess the opposite will occur) or if 
the volume Is incireased. To observe these effects, blow across the beer 
can opening and note the change in pitch when: (1) the opening is partially 
closed with your finger, and (2) the can is emptied from being partially 
filled. The can is more suitable than a bottle because its characteristics 
more like a stringed Instrument and it Is easier to observe the effect's 
of reducing the lopenlng size. 
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* * • Now take the st'nngad Instrument and determine the frequency of its , 

air reionanca by matching it with a piano note or other means. /^An alter- 
nite method of exciting the a1r resonance Is toeing dtrectly into the 
hole, sli*ng up and down the scale. Both f-holes of th«v1oHn are active 
_ a or sing into only ohe. By use of the second 
methods the instrimienl^esponds strongly at the air resonance with rein- 
^ ^^fercement of the sound accompanied by vibration ^f^the^^od body. Other 
resonances, usually higher In frequency, with strong wood vibration, can 
also be detected by the singing method. Like the air resonance, the fre- 
quency and strength bf these "wood" resonances are Important factors in 
determining the quality of a stringed Instrument. . ^ 

Inmost violins the a1r resonance Is in the range C to near the 
^ open D string (260-300 Hz), A to B on the G string of a viola (220-250 Hz), 

and A to B on the G string of a cello (110-125 Hz). On a guitar its location 
1s less easy to predict;' some good guitars have the air resonance close to 
•"G on the lower E string (98. Hz)^ Once the frequency of the air resonance 
is identified you can obse/ve theschangel produced by'partially closing 
with masking tape the sound hole of th^ guitar or one f-hole of the violin. 
Be careful to use tape that won't remove the finish on the^ood. Cotton 
may be used in f-holes. With one^f^hole of a violin completely closed, 
the air resonance moves down 3 or 4 sem1=tones. Play the Instruments 
under these conditions and determine which notes are most affected by the'' 
change. To discover why the instruments have sound holes at all ^ cover them 
completely and play the Instruments, The instruments will be noticeably 
weaker on those notes in the vicinity of the air resonance which no longer 
^ ^ ' exists , - s 

J 
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By choosing the overall size of the instrument (volume) and the 
area of the sound h|leCs), the tnstrument Inaker has detennined the place- 
ment of the .air resonance. If the sound hole of a guitar is too largi^ 
the instrwnent win lack bass responsa; if too small , it *will be bass- 



ffeavy with poor treble response* One reason a cello 1s larger than a 
.violin is to help 'achieve pi^per placement of the air resonance/ 

How does plucking or bowing the strings excite this air resonance? 
Recall thatp^ou could feel the vibration of thi wood when locating the 
air resonahce. Sound produced at the hole cau&ed vibration of the wood^/ 
When the Ifjstrwnerlt 1s played, this process 1s re^versed: ^ the vibrattw tif 
the wood causes sound to be generated at the hole. The wood vibrates be- 
cause the bridge transmits the string vibrations directly to the wood. 

One purpose of the soundpost in a violin is to properly place the 
frequency of the air resonance. Withbut^the soundpost^ the instrument 
SQunds quitg ^iserablej partly becaus^ the air resonance ^s been shifted 
down scale about 4 semi -tones. This lowering of the air resonance occurs 
because the instrument Is hardly an Ideal Helmholtz resonator with abso- 
Tutely rigid walls* The presence of the soundpost stiffens the "container" ^ 
which brings the Instrument closer to the rl^id s^atCi presenting a stiffer 
enclosecLair spring to th/ oscillating air mass 1n the sound holes; If 
beer can v/ere made of flexible rubber , it would have a lofer air resonanee - 
than the Identical size conventional metal can. - 4 

Just as in an organ plpte or wind jnstrument, standing waves can occur 
in the encloied air of a stringed Instrument/ These "other" air resonances 
are less -Important than the Helmholtz resonance^ but current research may " 
reveal that knowledge of their relationships to the wo6a "resonances help 
to Identify a truly superfo^' Instrument, 



i 
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fHE RESdNANCES OF SPOOlls , 



(also Forks, Knives, Small Wrenches, JHacksaw Blades, efc.) 

, I. Studertts may^do their own expertmenting-by susjiending 
a spoon, by the handle, in the middle of a string. Use thumbs, to 
press the free ends of the string into both ear's making sure that ' 
^,no other parts of hands or face touches the string. Now swing the 
spoon against the table edge or chair and enjoy a new sort of / 
(stereophonijE) high. ' . , , 

II. The following apparatus will recreate much of the above 

% - - 

effect for large lecture demonstrations. ' 
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Wrap the inside of one end of a 1 1/4" OD, 90° sweat copper 
plumbing el with soft tapa so that the Dynamic Microphone fits snugly 
inside with the front end of the microphone almost up to the bend. 
The other end of the" el will be covered with a diaphram made from a 
piece of ordinary pdper secured witn a pi pe' cleaner . The spoon is 
suspended from a length of scring not more than 3" long which is 



inserted through a small hole [MJnehed in the diaphram and, restrained 
. J2y a knot. The microphone goes 't^ prearnp, power amp and loudspeakers 
•A quad decoder at ';jine"''level may give an interesting stereo effect. 

Tb^ fiost critical element the^ system Is the string con- ^ 

> '-^ 
necting spoon to diaphram. Using soft twine is mechanlcany simple 

but severely attenuates upper partials. Note: Since the harmonics 

are presumably exponentiany attenuated the ultimate loudness of 

supper partials should decrease approximately linearly with string 

length. Wire which swings from the diaphram without bending when 

the spoon swings (eg. #2£)copper wire) can be used but it must be 

glued to the inside of the pap*er diaphram to avoid an intolerable 

scratching noise. The other end of the wire must be wrapp'ed tightly 

e 

and several times around the spoon handle to avoid scratching noise 
at that end,^ The advantage of wire^ is that more of the upper partials 
are transmitted. Apparently the finer the wire the better this works. 

Caution: Because of the large amplifier gains ( Z 2000 
from preamp alone) t^4 system should not be jarred. Best to do the 
demonstration in the middle of the lecture when people are not coming 
in or going out. 

Note on diaphram^ A stiff cardboard diaphram does not respond 
well to high harmonics and produces a smaller signal. Paper works bet 
ter. Put the hole in the paper diaphram OFF center. 

Results: Do not bang the spoony tap it with various small 
objects. Try a metal screwdri/er tip and the corner of a pine block. 
Of the eating utensils the spoon gives the most interesting sounds. 
Strike at different points on the perlfery of the ladle. Strike the 
edge of the handle and the bend at the throat. The principal resonance 



^should be diminished relatfVe to upper partiali when the spoon is 
struck at the throat. The principal resonance is strongest when 
. the spp'on -^s struck at either end. Interesting result ^on a three- 
tined fork: On the Dansk V large fork I, hear beats between normal 
modes which apparently correspond to vibration of the two outer 
tines. ^ On a four-tined fork there is quite a Jangle in the region 
the t1ne resonances. 



The Nfixinq of Colors 
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Notes to instructor: 



It is hiihly unlikely that yau would have more thah 3 slide projectors 
at your disposal, so it is assumed that you will be setiing^up the 
situations In this experiment while the students, each with ^ rfraction 
grating (or a hand held spectfometer) wilT opserve and record their - 
observations. ' ^ 

It is luggested that you So the experiment at least once ahead of 
time so that yoti may see how to set up the projectors for optimum . ' 

illumin|tion and so th|t J^ou may see if y^ur prepared reflecting surfaces 
. aqtually giv§ the desired ,resul ts. ^ \ 

Note that the heat filters and bulbs vary from proJe£j^ to projector. 
In several sections of the experiment, it may be possible to switch which 
^ .filter is used in which projector to give the best result. Also make sure 
your lamps are set to the same brightness. 

Edmund card mounted diffraction gratings (catalog # 282 for 

■ 40) are so inexpensive that you can give each student one. These gratings 
seem to give a brighter spectral image than the hand=held spectroscopes. 
If you wish to make the experiment more quantitative, you may just prop a 
meter stick against the screen where the spectra are to be viewed. Science 
Kit makes a hand-held spectroscope with a humerical .scale inside it 
(catalog # 16525) but the spectra are fainter. 

Colored filters may be purchased from Welch already in cardboard slide 
mounts/ Yp'u may choose to order the large sheets from Edmunds, however, 
.and make your own slides. You get more that way and you can use strips of 
the same color in the next title experiment on Spectra of Colored Lights, 
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It is easier to view the spectrum if you are looking at Just a slit of 
light, A piece of cardboard with a slit about 3 ntn wide can be inserted^ 
into the sfide projector^ith each color filter. The cardboard should be 
sturdy and should be the same sfze as a standard '^sl ide- ^ 

igectlons A and B are 111 f-expliinatory. If your students have never 
ubed a diffraotion grating , you may wish to have them sketch the spectruin 
from a whita light source befo!re beginning section A* 

Section B has an optional section. This was considered less important 
and was made optional out of time considerations, / 

Section 'C needs several cards to be prepared by you prior to the 
day of the experiment. The size pf the cards ^nd of^ the painted sectior^ 
depends largely on the intensity of your projector, Jhe main , suggestion 
is to try it and see if it works. If nots mak^ anj necessary changes 
(cut .wider slits^ move projector closer to screen^ etc) 

You will need three ,6r four painted cards. Our results were best 
with the main suggestions gr/erf. Some alternate suggestions will be 
made* ^ 

We used heavy cardboard about 3" x 12'- and painted bands of color 
one below another about 3/4" to 1" high with acryliQ paint (alternate 
suggestion - tempqra paint.) If you use acrylic, you will get a smoother 
finish' if you dip your brush 1n water si ightly before applying the paint. 
You wil 1 need to purchase at least 8 tubes of acrylic paint - red, yellow, 
green, blue, cyan, (blue-green), magenta (or red vi^leti^two Other greens. 
Card 1 wi 11 look 1 Ike this : 



^— leave u)Hi+e CancibDar^ 



yellow 



Cffrd 2 win be the same\Qnly the color bands will be various shades 
of green (all acrylic). Use some shades straight from the tube then mix one 
^ green with yellow and cyan and another with yellow & blue. (alternate 
sugges tion - use various shades of yellow including orange^ chartruse 
and gold, ) • ' ' 

Card 3 will have color bands of the same color but of different media. 
We, saiggeS'txbright yel low as 1t is fairly easy to match. Some media to 
consider are: artists-qual i ty = watercolors acrylic^ temporat oil; cheaper 
quality - enamel s spray enamel , magic marker, papers etc. We got 
good results for easy discrimination us>ng spray enamel, magic marker 
and acryl 1c . - 

You may wish to have a fourth card with just a red and magentas or 
you may use Card 1 for the last section of the experiment. The magenta 
should be tested for the last section; it should look like a true red 
when viewed through a yellow filter and like a true blue when viewed 
through a cyan filter. We found artists quality of tempora paint to 
work well here - color Red Violet. 

Section C also has two optional sections. These were again made^ optional 
partly because of time considerations and partly because discrimination of 
differences In the spectra Is exceedingly difficult. It is to be notedp 
howevers that these ttfpics are particularly relevant to the art student^ 
so that if you think discrimination can be made and if you have time^ it Is 
suggested that you Include these optional ^sections. 

If you have times you may wish to let your students mix their own 
pigments to look at through a grating 

The Introductory question regarding how spectral analysis is used 
to detect forgeries can be discussed with the students thusly: certain 
pigments were not used to make cobalt blue until the 16th centtry. If a 



century shows that Cobalt blue was used, the painting fs obviously a 
forgery. ' . 

Suggested references (the first listing is the best for this experiment). 

1. Colour - Its Principles and their Applications by Frederick W. Clulow; 

Publ. - Fountain Press, 46/47 Chancery Lane, London; 1972. 

2. Light and Color by Rainwater; Publ. - Golden Press, Western Publ. Co.; 

paperback. • ^ 

3. Eye and Brain- The Psy chology of Seeing by Richard Qregory; Publ. - 

McGraw Hill; paperback. 
4- Seeing and the Eve by G. Hugh Begble; Publ. - The Natural History 
, Press, Garden City, N. Y. - paperback. 

5. An littfoduotion to Color by Ralph M. Evans; Publ. - John Wiley & S 

6. Color--yts'fc)n ; National Acadeny of Sciences, Washington, D. C. 



OBSERVATIONS ON THE SPECTRA OF COLalpStlGHTis AND OBJECTS. 

OBJECT: To obsirve the light from different lig^^ourcis; light which'' 
has been passed through colored filters, and light which has been reflected 
from colored surfaces, to see that light of a given ''dtflQp may arise in 
a variety of different ways. 

MATERIALS NEEDED: 

Long filament clear tungsten light bulb, (such as is used in many display 
cases). 

Gaseous discharge tube and a means of exciting It. An uncoated flourescent 
tube (from Edmund ) can be used here; it is a mercury source. 

Diffraction gratings, one for each student; cheap Edmund gratings will do. 

'(These gratings may be more useful if part of a cheap spectrometer, 

such as obtainable from "Scientific Kits." They may also be used with 

hon«made spectrometers constructed from rectangular breakfast cereal 

boxes, like Wheatles, etc.) 

Various colored filters. Available from: Rosco Laboratories, Inc. 

Port Chester, N. v. 10C73 

Theatrical filters are cheaper than photographic filters, and Just as 

good for the purposes of this experiment. 

Variously colored construction paper, especially of the lighter hues. 
Samples of flat painted surfaces, fabrics, etc. are also useful. 

Slide projector, or other means of producing strong uniform illumination on 
a surface. Perhaps the Image of a frosted tungsten filament lamp can 
be used here. 

PROCEDURE: ' ' 

Holding the diffraction grating directly In front of one eye, look 
through it at the source of white light (a tungsten filament lamp bulb), 



• seen Tn the Inneraost bands (the ''first order" spectrum; we shall ignore " • 
the second and high^| orders) includes violet to red (VIBGYOR) proceeding 
outward from 'the central image. The presence of these bands>f color 
•indicates that the so-cal led; white light emitted by the bulb is in fact a 
mixture of light having all the various hues observed in the band. Care- 
fully note that the band of colors contains no gaps; every hue is represeoted. 
Such a spectrum is called a continuous spectrum. Make a sketch of the 
continuous spectrum observed, noting the approximate wavelength (in 
nanomete'rs or in Angstrom units) for each major hue. 

Now look through the diffraction grating at a gaseous discharge 
tu^e (mercury, helium or other), noticing that the spectrum now consists 
•of a discrete set of line spectra, and indicates that the light from the 
■discharge tube, in contradistinction to that f rom *the tungsten lamp, consists , 
of only a few discrete hues.. The marked contrast between the two kinds 
. of spectrUiD. continuoeis and discrete, , is due to the differences in details 
'Of the physical processes invalved in light emission from the two sources. 
Note further that the observed color of the source as seen without the 
diffraction grating has no obvious connection with the spectrum observed. 
For example, though the mercury light appears bluish to the unaided eye, 
the diffraction grating shows it actually to contain red, yellow, green 
and violet lines in addition to lines of bluish hue. 

Next let us obser^he spectrum of light transmitted through 
gelatin filters of various colors. To do this we send white light from 
a tungsten filament light bulb through the filter, and inspect the spectrum 
of the light which survives the journey. We make use of strips of red, 
blue, and green filter material about one inch 'wide wrapped around a long 
filament lamp. By using the diffraction grafting in the manner previously 
described* all the ^oprfra fv^nm CQ\/Qv^ai ^^-i^^^^^ i 



, that the light which comes through a filter of a given "color" rs not all 
of the same hue, and In fact It may contain little or no light of the 
hue ascribed to the filter name. That 1s to say, the light transmitted 
by a filter Is not monechromatic, but a mixture of various hues which 
together produce the same sensation as would be produced by a monochromatic 
light of a certain hue. The name given to this fictitious monochromatic 
hue is the same as the name which is ascribed to the filter (as red, blue, 
green, etc. ) 

■ -ffext, by following the same procedure as above, we observe the light 
transmitted from a tungsten filament source through several filters of 
various shades of red (for example, dark red to orange). A pencil sketch 
should be made which Indicates the region of transmission of each filter, 
and it should be carefully noted that the differences in color of the ' 
filters may be due to fairly subtle differences in the spectrum of the 
transmitted light. 

Finally we want to observe the spectrum of white light scattered 
or diffusely reflected from a co>ored surface. The experimental problems 
likely to be encountered here are too low Intensity of the scattered light 
arid specular reflection from the surface. The first will make the spectrum 
difficult to observe, and the second will give rise to an unwanted continue" 
ous background. It is convenient for this experiment to use a series of 
strips of construction paper of various hue, arranged in a vertical array, 
and Illuminated by a strong vertical band of white light. , The spectrum of 
scattered light c|n then be observed in the way previously described for the 
filters. 

A convenient source of light 1s a slide projector; with a slotted plate 
in the slide holder. The vertical stripe of light should be narrower than 
the samples illuminated. Another possible light source is the vertical 



fnament lamp of the previous sections focussed on the samples with a ■ 
\. * 

fresnel lens, or better with a cylindrical lens if one is available. 

r 

Intensity t»f mumination is likely to be a problem in any case, and 1t 
is for this reason probably necessary to darken the room, or to observe 
the spectrum through a "cereal box spectrometer". Various other samples 
can be used anrang which should be Included certain flat paints, some 
brightly colored fabrics ("day-glow'':) and paints, and also some natural 
materials like leaves and flowers. A sketch should be made of the spectra 
obtained, and any peculiarities noted. 

TAKE-HOME EXPERIMENT: Obtain a diffraction grating and with it observe 
the spectra of various lights encountered in everyday life. Red and green 
traffic signals, flourescent lights, neon signs, sunlight, starlight, etc . 
are good subjects. Cereal box spectrometer is a convenient aid for niaklng 
some of these observations. 
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. , The Mixing of Colors '.* ■ 

'. ^ * . " ^ ' _ ■ 

^ Apparatus: 3 slide projectors (one set par class), colored filter^s. 
colored cards j diffraction grating* good eyes. 

Introduction: Did you know that a calorTV transmits only red, grain 
and blue colors - yet you sae^every color of the rainbow whan you watch 
it? Do ycftr*now why a painting looks dlffersnt In artificial light than 
it does in sunlight? And;. do you undarstajid^'what it means to use "spectral 
analysis" to study whether an "ol>' painting is a modern forgery or not? 
Let's look at some of the processes which will relate tq the above questions 
Two of the questions above relate to the mixing of colors. We will 
^use "spectral analysis (in a crude, but interesting, way) to study the 
mixing of colors. There are at least four ways to mix colors. The most 
obvious way to the painter 1s to mix two pigments together to get a shade 
he may not be able to buy. One of the obvi'ous ways to a physicist is to 
mix 2 beams of light having different wavelengths to get a resultant color 
' which is different from the two he mixed. It isfalso possible to place 
two different filters together in the path of a beam of white light and 
get a color projected on a screen which is different from.either color 
filter. And finally we can view colored objects by using non-white light. 

In this experiment you will bi able to mix colors tn each of these four 
ways. Since each process is slightly different, the theory for each process 
will be presented in turn. There is no numerical data to read, but^ou 
must report your observations clearly for each section. A suggestion on 
how to do this report is given in the first section of the procedure. It 

Is also suaaested that VOU write "Pnur* ^limma^^Tee , nns ^^^^U .... 



^ou havt mada in that pirt of the experiment, ^ 

All pf your observations v^lll be made by looking^ through a diffractldn 
grating at a $1it of light projected on a screen. You wilT be expected 
to observe and record the spectrum that results each time, as well as to 
answer any questions that arfe presented. 

A, Mixing of "pure light " 

; Theory: It has been found that all possible colors of the white light 
spectrum can be matched by overlapping only 3 basic wave! ehgths (or 
bands of wavelengths) - those being blue, green and red. These are, , - 
in facti the three colors used in your color TV to duplicate all other 
colors. Although the processes of color vision are not yet clearly 
understood^ it does seem that your eye responds to the mixture^ of 
red* green and blue to produce ""sensations which duplicate all colors 
you can normally sea. And, in fact* when these three colors are 
projected together, one sees white light. In this case, the white 
light is not composed of alT wavelengths of light, yet 1t gives the 
same sensation to the eye as If all wavelengths were present. 

When "pure light" is overlapped in the process described above 
and performed below, this 1s called the addition of colors and "the 
^ three colors red, green and blue are called the primary colors for 
pure light . (This may be seen to be different from the primary colors 
for pigment or paint.) ^ 

Procedure : . 

1, Set up three slide projectors aimed so as to overlap on a screen. 
Place a red filter viewed through a narrow slit as a slide in one, a 



2* Add each two of the- prtwary colors to gat tha secondary colors . 
As mentloiTad abova» you will be viewing each action through a 
diffraction grat1ng*and racorcling the spaetrum that you obsarve. 
It Is aood to align the two beams so that you can sea ea^ch color 
separatfly as well as sae the overlap region. It 1s^ suggested that 
you record the right hand spectra In the following manner: 






P 


mi 











This Is based on a spectrum of white light which would look 
approximately like 



3. Record each of the spectra in a manner similar to that above. 
Make note of any colors that are less intense than the others. The 
mixtures to view are: 

a) red and blue produce magenta 

b) blue and green produce cyan 

c) red and green produce yeTl ow ^ 

The three colors magenta, cyan and yellow are called the secondary 
colors for light . \ 

NOTE: Keep the record of these spectra . handy . You may need 



4* Add all thr^e primary colors to gat white light. Compara 

this white to a white If ght source from a long fllanieht Incandescent — , 

tube. Wh^t do you conclude from this comparison? 

Theory : Often a color^ wheal Is used to represent what'you have just seen. 
The three primary colors are shown overlapping to produce the, three 
secondary colors. Where the t^ree colors all overlap, white light 




complementary colors . When two beams of light from complementary 

ow'ors oyarlap, white or rather whitish Jight is produced. This is easy to 

.plain: for example, when yellow light and blue light are allowed , to overlap 

the yellow Js actual ly a band of red, yellow and green wavelengths as you saw 

in part (3) above. If you add blua wavelengths to that* you have all w^ve- 

lengths^ hence you perceive white 1 ight However , the relative proportions 
may differ. Just as white sunlight, in candescent light and fluorescent 
light differ. 
Procedure : 

5, Add each two of the complementary colors. Record the spectra 
observed in each case and record your subjective impressions. 
(NOTE: You may not get a perfect white because of the transmission 

band width of each color, filter but the result should be convincingly 

lighter than the two overlapping colors). 

6. Write a sumrM ry for this section as to how "pure light-' mixes. 
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B. Mixing of f liters 



Theory. When a filter 1s placed In a beam of white light. It absorbs 
some wavelengths and transmits others. Thus a red filter transmits 
red wavelengths and ibsorbs other wavelengths" from the white light 
spectrum. This process of absorbing some wavelengths Is called a » 
subtraatlve process. When a filter of a secondary color Is used, 
it absorbs In a small region of the spectrum and transmits over a 
range corresponding to at least two primary colors. For example, 
a yellow filter absorbs blue wavelengths (subtracts-blue wavelengths) 
■ • * from white light and transmits red, yellow and gre/n.. When two filters are 
placed together, each one subtracts a segment of the wMte Tigfrt i§pectrum and 
only that portion transmitted by both will be projected onto a screen. 

Procedure : 

^ 1. Place two filters together so that light must pass through two ' ' ' 
secondary colors. Use another projector to compare the mixture of 
secondary colors to those of the primaries. For example: 



+ 




Repeat for yellow and cyan compared to srean. Repeat for magenta 
and cyan compared to blue. Explain wh^'you are getting the colors 
that are produced on the screen. Do this by explaining which 
wavelengths are absorbed by each filter and, therefore, which 
wavelenaths are not absorbfld hut 
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2. Describe What you see when tight Is projected through each 
pair of primary filters. Explain what you see In termi of 
absorbed and transmitted light for each pair of filters. ■ . ( 

3. Optional: You may wish to look at combinations of seeondaries 
with appropriate primaries: e.g.. a green filter alone gives the ' 
same color on the screen as a green and cyan pi iced together. Can 
you explain why this 1s so? Try it with other filters for a 
similar effect. Record your results and explain what Is happening. 

C. Mixing of pigment - ' 

Throne- The way In^whlch we view an opaque object is similar to the " 
way we see a filter: we see the wavelengths of light which are 
not absorbed. The wavelengths not absorbed are, in this case.- 
reflected. Again this- is a subtractive process since" we see only 
_ what is not subtracted (or absorbed) by the opaque object. 

Consider the pigment used' in bright yellow paint: the paint appears 
yellow because it Is reflecting red, yellow and green wavelengths 
of light to our eyes. Therefore 1t is absorbing the blue wavelengths: 
If we mix this yellow paint with a cyan paint (which reflects blue and 
green but absorbs red and yellow) all wavelengths are absorbed by 
one pigment 6r the other except for green so green is the colon we 
see reflected. If. instead of cyan (which is greenish-blue) we use - 
other shades of blue to mix with yellow, we vat'y the shade of green 
we obtain. (You may wish to try this). SimilSr results are obtained 
by mixing other pigments. To predict what the resulting mixture will 
. be, keep in mind which wavelengths are absorbed by each of the pigments 
you are using to mix. 
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each of the colors on th^ card and also you have some white 
"across the top as refereftce. Record the spectra" you see* Is 
this what you would expert? Compa^re these spectra to those of 
the light transmitted through the colored filters. What do y^u 
conclude? 




2, Set up card 2 and repeat your observations and method of 
, recording. These colors may be harder to discrlmirwte as they 
are shades of one or tyvd colors'. Thtere ire differences « however* 
and that is why the colors look si i ghtly different - they are 
reflecting slightly different wavelengths of light. Compare the 



colors you see with the naked eye to/the spectra you obtain. Are 
the spectra what you would expect? 

3. Set up card 3 and rapaat the above procedure. These colors 
are all the same (or as close as was possible), but they ara/t^ade 
from different media (i .e. ,) watarcolor s oil, enamel, etcOffYour 
instructor wilV tell you what each 1s/ Can you discr1minat| any 
differances? Show the spectra and discuss what you see, 

4, Optional I You may^wish to repeat the above procedure with card 
1 with different light sources (i.e., fluorescent, incandescent, 
ultraviolet, sunlight, candlelight* etc.) Show the spectra and 
discuss what vau see. 
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D. Viewing colored pigment through eolored light 
Thtory: When white 1,1 ght 1s projected through a filtfr, the f 11 tar 
absorbs soma of the wavelengths . If th^ transmitted light is 
allowed to fall on a different color pigment* still more of 
the wavelengths will be absorbed and only a few will be reflected 
back to the eye. This Is $1m1^r to what happens when an artist 
puts a glaze over a palntingV ^Iscr sjmiU to what happens 

, if you v1ew-a picture 1n non-T^htl^, Tight, j 

You^ should be ablf to predict what wi/11 happen with different 
colors. Let's do one example: suppose we have red pigment on 
a card. It 1s red because 1t rafl J:ts only^tfc^e red wavelengths; 
it absorbs all others. What would happen If it was now niumlnated 
by cyan light (i.e., white light which has been passed through a 
cyan filter?) Since cyan light has only wavelengths in the blue and 
green region of the spectrum and since these are absorbed by red 
pigment* there should be no ref 1 ected, 1 ight and the pigment should 
appear black. 

Procedure : 

^, Try the above example and see what happens. Look Just with the 
n§ked eye, then view through a diffraction grating. Record any 
spectrum you see. 

2. If you project yellov light onto a magenta pigment, >ou should 
see a red color reflecting off. Explain why the color you see should 
be red, then set 1t up and see. Record the spectrum and discuss yoi^r 
observations. 
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set if up and see. Again rgcorcfe the^pectrum and discuss your *« 
observations. . ,' , 
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Appendix to tha Colpr Mixing Experimei]^ ! 
The Intersect lonj-Union Thaory of Color Mixing * 

Students familiar with the Vnew math" concept of set theory (union 
and intersaction) should be able to understand color mixing in' the following 
way. We start with the three basic optical eolors: blue, red^ and green* 
Denoting them by the letters B, R, and =G respectively, we will s^robolize 
what is eommonly called "color addition" by the union sign u Therefore 
B u R is called magenta* B u G is called cyan and R u G is called 
yelloy, B u R u G is our universal set U which is, called white. As 
we found by eKperimentation, color union is effected by superimposing 
diractly these spectra responses (by direct light) , The "Polntillism" 
phenomenon (and the color T,V, tube) ereatea the* same effect by Juk- 
tapoaing these colors in small dots, "Color subtraction" whleft is 'observed 
by multiple filters, pigment mixture, etc, eorreaponda to set inter^ 

section* Color wheel phenomena are then explained in terms of the laws of 
set theory using the rules that BnG=BnR-RnG^^ (the empty 
sat) which we call' black. This means that when multiple filters of red 
and blue are combined, no light is visible since their spectral distributions 
are disjoint. For example, let us see what happens when yellow and cyab 
pigments are mixed. We obtain ^the formulas (R"" u G) n (B u G) ^ (R n B) u G 
(by a distributive law of set theory) = ^ u G ^ G so that green results. 
Note that union of white always gives white (since It* Is our universe) and - 
intersection of white with another color slaves that ssame roln-r Har-v . 
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R u (B U G) ^ R g B U G ^ U (^Ite) 

while 

R n (1 u G) ^ (R n B) u (R n G) ^ 0 u 0 - (black). 
All other phenomona we observed have slmlliar Set theoretic interpretations 



The Camera & The Projector * 

% to Investigate so™ of the Image fonning properties of. a thin 
converging lens. " V* . - ^ 

Apparatus; a simple camera, optical bench with light source, holders, etc.. 
two lenses: one long and one short focal lengthy 35 m slides 
as objects. 

Introductory exercise; Set up an adjustable focus camera having a simple 
lens, a shutter that can be held open and a translucent screen 
at the rear where- the film would normally, go. Look at some 
objects out the window and see how the lens works to make an 
Image on the translucent screen. Note that to view objects at 
different distances you must adjust the length of the camera box to 
get a sharp focus on the screen (or film). If you have a 35 mm 
camera or a good Polaroid camera, adjust the focus on it'ahd again 
notice how the focus adjustment causes the length of the box (the 
distance between the lens system and the film) to be changed. 

Take a 35 mm slide and project its image onto a large- screen 
using a projector. Notice again how you focus the image - you 
adjust the, distance between the lens system and the slide. 

Both of these optical devices rely on lenses in order to 
form Images. They are, in fact, "opposite" instruments: one . 
takes an object from far away and focuses a small image onto 
film; the other takes an object nearby (the slide) and focuses 
a large image onto a screen fairly far away. 

let us disgress briefly and look at the theory of how jenses 



Thior^: A conv^nging lens 1s one which l^^lcker at the centir than 
at the edge and converges Incident paranel rays to a real 
focus on the opposite sidi of" the lens from the object. A 
diverging lens is thinnir at the center than at t^e edge and . 
diverges the light from a virtual focus on the same side of 
the lens as the%object. 

If parallel light rays (such as those from the sun or 
those which have reflected off of a far away object) are allowed 
to pass through a converging lens, the rays are refracted and will 
meet at a point. This point Is called the focal p oint. F. The 
distance from the center of the lens to the focal point is called 
the focal length , f , or focal distance 



Fig. 1 



The principal axis of a lens Is a line drawn through the 
center of the lens perpendicular to the face of the lens. 

The light rays are reversible. If a point source of , it 
is placed at the focal point of a lens, the rays refract in the lens 
and travel as parallel rays never forming a focus. They are said 
to form a focus at In finity. 

We view things near to us by the light which reflects off 
of objects and this light 1s rarely parallel. It is still possible 



To find where the Image 1s located, we can draw a 
ray diagram . The object has many Ught. rays reflecting off 
df 1t, some of which pass through the lens to create the image. 
We can not predict the path of all of these rays, but two of 
them we do know about. There will be oiie ray parallel to the 
principal axis and it will pass through the focal point just 
as the parallel rays from the sun passed through the focal point. 
Then there is one ray that goes through the center of the lens. 
It is essentially undevlated. Where these two rays intersect 1s 
also where all the other deflected rays will Intersect and a 
focused Image will be formed, 

' Another way to find the image position is to make use of 
the equation: 

i = JL+J. ' . 

f OD ID 

where f is the &ca1 length, OD is the object distance and ID 
is the image d^wnce, all of which were defined above. In this 
experiment all W these values will be positive. 

Procedure : 

1. Take a lens of short focal length (5cm-10cm) for a study of 
simple lens phenomena. If you don't know the focal length of 

O 
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tht focal lengt'h, f. (This corresponds to Fig, 1) Try this 
by holding the lens 1n one hand and the screen in the other, 
but for accurate measurements support them on an optlfijl bench. 



Record the value of f , 



i 




Make some observations regarding object position, image position 
and image size by using the lens you used above and setting up 



the optical bench like this 

4J 



a 



a) Place the Illuminated object at a distance greater than 2 
times the focal length from the lens (OD > 2f ) . With the 
cardboard screen on the other side of the lens^ find the image, 



Is ID 



1 ) less than f (ID < f ) 
2.) between f and 2f (f <^ JD 
3) equal to 2f (ID 2f) 



4) greater than 2f (ID >2f) 
(Place an x npprjsitH \ho mrnic. 



va lup ' 
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b) ReperE the above observations for these values of 



OD 



/ 





rt your observations, 




OD 


ID 


1. ""oD > 


2f 




2. OD = 


2f 




3. OD > 
(f < 


f but OD < 2f 
OD < 2f) 


4 



Size of Image 



. c) Can you see a pattern to what Is happening? If not. run 

■ through it again until you do. Describe this pattern 

if- ' 

CaMm.- The"* simplest of small cameras use a single convergent 
lens similar to the one you have been using. A more complex 
camera uses several adjacent lenses to. reduce certain undesirable 
effects'found with a simple lens. For our purposes, we can make 
a replica of a camera with Just the single convergent lens you 

t 

have beeiT,^ using. 

A camera takes light rays from an object that is fairly 
far away and focuses this light through a lens system onto • 
film which is close to the lens. A good camera has some slight 
adjustment to where the film will be placed relative to the lens, 
a) II lumi rate an -object on one end of your optical bench (say 
60=70 cm). Calculate what the image distance, ID, shculd be by 
using the lens equation and your values of OD and f. Then find 
the Image on the screen and rneasure ID. Calculate the ?i-di fference 
between your calculated value and your measured value. Do this 
for at least 1 diff^a^^nf' nhio.-^ ^u..^...^^^^ ...i...... 
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to ktep out stray light, a shutter to let light through 
the lens for only part of a second and film at the same 
position as the screen, you would be able to take pictures. 
Some of you may have an Instamatic or a similar camera 
j^hich does not have. an adjustabl ■ focus on 1t (i.e,, no way 
'to vary the Image distance.) Let's see how this type of 
camera works. 

b) Repeat the procedure In (a) above at least 3 times only 
now use objects that are at least 3 meters from your lens. 
You may need to Illuminate the object and turn out the room 
lights to see a good image. Use a metric tape measure to 
measure the object distance. Calculate what ID should be by 
using the lens equation and your values of OD and f. Then find 
the Image on the screen and measure ID. Calculate the l-difference 
between your calculatey value and your measured value. 

Compare the three ID's to each other and to the focal 
length of your lens. What similarities do you see? Do you see 
how a box camera like the Instamatic works? Explain. 
Projector - In its simplest form, a projector is another single 
len:- optical instrument. The illuminated object (say, a 35 mm 
slide) is placed close to the focal point of the lens (upside 
down s6 that the image Is seen right-side-up. ) ) 

a) Place your optical bench several nieters from a projection 
screen. Record the Image distance ID that you will use 
measured from the screen to your lens on the optical bench. 
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and calculate tht ^-difference between your calculated value 
and your measured value. Do this for at least 3 different 
Image distances , 

If a projector Is normany used a long distance from 
a screen, a lens with a long focal length must be used to 
prevent the Image from being too large and dim. 

Most projectors use several adjacent lenses to reduce 
certain problems found with only a single lens, but the effect 
1s the same. 

Also most projectors use a lens system called a condenser 

to focus the light source so that the light rays are nearly parallel 
(actually focussing at the center of the projection lens) 
when they pass through the slide. (Remember that this Is the 

inverse of Fig. 1 ^ the light source is put at the focal point 
of the lens and the rays refract 1n the lens so that they leave 
parallel to the principal axis.) Most projectors have a good 
point source of light. Your source is an extended source so it is 
hard to put it right at ,the focal point, but approximately at the 
focal point will allow an optimum of light intensity on the slide, 
b) Use your short focal length lens as a condenser and find a 
lens with a longer focal length to use as a projecting lens. Placfe 
the light source at the focal point of the condenser lens. Place 
the. slide to,^be muminated (upside-down) just In front of the 
condenser as shown below. Place the new long focal length lens, 
f. in front of the object so that the object is just outside the 
focal length, f. Adjust the projecting lens until an Image is 
found on the large screen. 
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This time assume a fixed image distance and use the lens 
equation to calculate what your object distance should be. 
Compare your calculated value to your measured value by 
computing the ^-difference, 

Practical note: 35 mm slide trays can replace the optical 
bench, and suitable lenses and screens placed ,1n 35 mm card- 
board mounts, which can then be placed at the correct distanc 
In the tray. Such an arrangement has the advantage that ft 
can easily be held up to look through - as a telescope. The 
Edmund company, sells a complete kit of this nature. 



The Camera & the Projector 



N^tes to Instructor; 



For the simple camera to show at the beginning of the lab, an 
old fashioned bellows camera is perfect.^ Try to pick up, say, a Speed 
Graphic at a surplus house even if you have to put your own lens in It. 
You can purchase a "Simple Experimental Camera" from Welch for $17.50 
(catalog # 3744A^ or make a comparable one. 

It is suggested that you use regular 35 mm slides as objects rather 
than arrows, etc. The slides can be of "fun" scenes that you have taken 
around campus or scenic slides from the Grand Canyon, etc. 

You may wish to require ray diagrams to go along with the observation 
or calculations. 

You may wish to include what happens when an object Is placed at the 
focal plane and within the focal point. 

You may wish to acquaint the students with a pinhole camera, perhaps 
having them taken some pictures with 1t by time exposure. 
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Mirrors and Symmetry 

Introduction. The following set of four eKperiments are intended 
to demonstrate the properties of reflectiqns and other symmetries, Applicatl 
to two-dimensional patterns (friezes, border designs, mosaics, wall paper 
patterns, etc.) are emphasized. The experiments could complement lectures 
on various physical instances of syrinnetry and parity (e.g. crystallography 
and elementary particle theory) . Experiment I is geometric in nature and 
its concepts are used in what follows. The other three experiments are 
essentially independent. Some mathematical concepts (groups , vectors) may 
not be familiar to the student and are included in a separate appendix. 
Finally, a short but useful and interesting bibliography is given. Suggested 
exercises are lettered in each part, 

I i I some tries > 

Equipment . One thin semiref lecting surface (a 4" x 4" x i nim, glass 
plate will do) supported by two small stands to keep it vertical (small piece 
of wood with a 1/2" ^ 1 mm, groove cut In each can be placed on the bottom of 
the two vertical edges of each plate). Protractor. Compass, Thin cardboard. 

Discuasion> 1. An isometry (or rigid motion) of the plane is a mapping 
* transformation which assigns to every point in the plane a unique point 
(called i^ts image ) * An isometry preserves distance so that the distance measu: 
between any oair of Doints is the samp as f-he^ <^^s^=aT^no KofT.^e^'n ^^-^t-r^^ 
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(a) Show by examples using a compass (which can be used as in hleh- / 

f 

, school geometry to draw equal distances) that when the Images P' and 9' /' 
of two dis'tinct points P and Q of an isometry are given, this uniquely 
determines the image R' of any other point R on the line joining P 
and Q and that R' lies on the line joining P' and Q<. 

(B) If another point S does not lie on the line joining P and 
Q show that there are precisely two possibilities for the image S ' of S, 
We will see that there are (many) isometries which can take a given point 
P to some, other given point P'. 

(c) If an isometry takes P to P', what are the possibilities for 
the image Q' of another point Q ? (Hint: Use your compass and the distance 
preserving property of isometries to answer the above three question^) 

(d> Show that if we know the imagA of three distinct points (not on 
a line) P, Q, and R then we know the image of any other point. 

This shows that an isometry is determined once we know what it does to 
(the three vertices of) a triangle. By laws of Euclidean congruence we may 
consider isometries as the sliding or flipping over and sliding of a 
triangle. Thus the image 

of a triangle with vertices A, B, c is a congruent triangle (one which 

may be superimposed with the origlnaJ^ triangle either flipped over or unflipped) . 

Cut a small triangle out of this cardboard and label one side D and its 

vertices A, B,. and C in clockwise order. Turn the triangle over and label 

the other side 0. Label the vertices on this side the same as you did on • 

Che other side (so that A, B, C will now read counterclockwise). 

2. An example of an isometry is a reflection (through a line L). A 
reflection through L can be realipjed by mapping each point P through L 
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The distance d (along L')from P to the Intersection of L and L' 
is the same as the distance from that intersection to P': 



d 



L 

(a) What is the image of a point on L? 



A reflection throuqb L can be performed by placing a thin vertical semi- 
reflecting (glass) surface along L. It should be thin to decrease the ambiguity 
of the reflecting plane. Look at the glass on the same side of a point P 
until you can see thfe reflected image of P in the glass. Then look through 
the glass and put the image P' on the other side of L at the point where 
you see the reflected imag. of P In the glass. In fact the image of any 
pattern you can see refloeLed in the glass may be transferred by the same 
met hod , 

(b) Reflect your namo through I,. 
(Note: The vertical glasH is a useful 

geometric tool fin general. Normals to curves through a point 'P may be 

found by adjusting the glass so that the reflection of a small portion of the 
curve on one side of V is superimposed on a small portion of the curve on 
the other side of P. Then th. normal through P can be drara by tracing 
along an edge of the glass. The tangent at P can then be drawn.) 

(c) Find thu ima.u^s two points F and Q when reflected through 
L by the method (MU:l.i,u.i ah^na. and bv measuring distances verify that 
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(d) What is the Inverse of a reflection through L? \ 
2. Draw two parallel lines L and L'. They will be parallel if 
they both make right angles^/ith a third line L". The distance between L 
and L' is then defined as the distance between their respective inter- 
sections with L". Take a point P and find its image P' reflected 
through L. Then find the image P" when P' is reflected through l' . 
Perform the above composition of reflections with another point Q on the other 
side of L from P. Draw the line segments PP" and QQ". 

(a) mat angJes do those segments make with L? 

(b) How does the direction from P to P" (and Q to Q") compare 
with .the direction from L to L"? 

(c) ^Compare the thi^ee distances from F to P"; from Q to Q"; and 
from L to T. V 

(d) How does the vector PP'' compare with the vector QQ". 

This type of LHometry (the composite of two reflections through parallel 
lines) Is called a trmi^^! at tcm and, as you may conclude from question (d) 
above is charac t er i :^ed by t: ranw f u rm Ing each point by a fixed vector v. 

(e) Trace your triangle ABC and its two images obtained by reflecting 
through L and thun the imago throuKh Describe directly how the image 
of the triangle lias iiiuvfd t:o Li:-; fJnal image, 

(f) Compat=-» riio t ran;; ! at: ioa constructed abtwe with the one you get by 
first reflecting throuj^h and then rhrougri L. 

^-^i ^-^^^'^ P'i^^^- ''^'^ ^ ' ■u^sume -a I augins are mGasured in a counter^ 
clockwise dlrucfP' u IM--^' i... m,,,,,: f, 1/ which intersect at a point 



0. Measure the angla 6 from L to ^L^ wlth^your protractor . Take two 
ntw points P and Q on opposita sidas of L and as in part 2 reflect tham 
first in L and than (their Images) in obtaining P^'^hd Q". 

Measure the distanca of line segment OP and the distance OP", Do the 

same with distances Og and QQ'^ Measure the angle 9' between OP and 

OP", Measure the angle 9" between OQ and OQ". 

(a) Compare the four distances you maasured and the three aniles, 

(b) Compare the distance PQ with the distance P"q*'. 

A rotation about a point 0 through an angle a is the mapping 

which preserves distances to 0 (i.e. 0 is fixed by the isometry) and which 
maps each point around 0 an Angular distance of a. If you x^ere accurate 

in (a) and (b) above you should be able to conclude that rotations are 

isometries and are given by the composite of two reflections through inter-^ 

sactlng lines* ' , ' - 

(c) What is the inverse of a rotation about 0 through an angle a? 

(d) What is the composite of two rotations both about 0 through 
angles 6 and 0,-. respect ively ? 

Two lines in the plane can either coincida, be parallel, or Intersect 
(in a point). By the above two parts we may now conclude that the composite 
of two reflections is therefortj either the identity, a translation, or a 
rotation (respectively). ^ ^ 

4. Take your triangle ARC and trace it labeling the three vertices 
on the paper. Slide (without flipping) the triangle to a new position and 
trace ABC in its new position lahDling those vertif^^s A*^ B% and C' 
respectively. We know that tins inotion defines a unique isometry. Place 
the vertical glass midway between A and A' perpendicular to the line 
AA' (or on the [nnnl \ H A - A'). if rhlH^B done accurately the glass 
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Now do the same ^propedure reflecting into B'. (If they are already 

Identical reflect through'line A'B'.) 

(a) Describe what has mm luippened to vertex A^? To vertex C^? 
Cb) Using parts 2 and 3 and (a) above explain why the result of slidini 
a triangle Is either a translation or 'a rotation. 

5. Starting with triangle MC reflect it in some llne^labellng 
the vertices of its image , , and appropriately. Now reflect 

criangle Aj^B^C^ in some other line labeling this new image A^B^C^. 
Do this a few more times. Record for each image whether the vertices 
A,B,C go around clockwise or counterclockwise. We know from parts 1 and 
2 that the images are all cangruent to ABC. 'If the vertices go arouhd 
clockwise we say the image has' the same orientation as ABC. Otherwise 
the vertices gn around counterclockwise and the image has cr££osite orlenta^ 
t ion ^ 

(ai Describe the ImaRes Ajfl^Cj, A2B2C,,/etc. in terms of whether 

the isometry composed o I: the ahove r.:C lections could have been performed by 

alidlng ABC (keeping its D slcie Up) by fl:Lpping ABC (to its 0 side) and 
■then sliding. " 



:b) In general what in the x;ase after an odd number of reflections? 
After an even number of reflections? 

An isometry Is dii^ .U: it preserves the orientation of a triangle. 
.It is o££Osite IF it ri^erHos tha triangle's orientation. 

(c) Which of the cot{ii,CHttf,,ns are direct and which opp^ ■ite? 

Now trac.^ AlW rh.^ .aper. I Ip h nv.,: to Its 0 side and slide it to a new 
position labuliug L h.: r..sM.:.Mv.. vcri h;-.-. A% n'. and C.' Perform the same 
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jSflf Does vertex A2 colncid^wlth A'? DoeB vertex coincide 
with vertex C'? \ 

Reflect A2B2C2 in Una A2B2 obtalnlni A^B^Cg. If you did this 
, correctly, 'AgB^Cg should be Identical with A'B*C'. 

(e) Why can it be said that any isometry in the plane can be realized 
as the composition of zero, one, two, or three reflections? Which of these 
are direct and which opposite? 

The Isometry which nBeds no reflections la of course the identity 
while those which need one are the oppOSl tes . 

(f) What do we call the isometrlea which need two reflections? 

The isometrles which need three reflections can also be performed by 
a translation along a vector v followad by a reflection in a line parallel 
to_^. These Isometrles are called glide reflections. For exainple, on a 
typewritten line, the letter "b" can be taken into the letter "p" to the right 
of it by a horizontal glide reflection. 

In conclusion we have shown that there are fou^ types of isometrles 
(In addition to the identity): two direct (rotations and tranalat ions) and 
two opposite (reflections and glide reflections). Isometrles may be composed 
and each has a unique inverse. They form a group (see the appendix). 



36 2.1 



tl. Reflections In Space . 

Equipment. A mirror (as large as possible). Twojinged mirrors (1 ' "x 1» mlrrori 
connected back to back by a cloth backed tape so that they may be . opened from 
0^ to 180^), Protractor. Transparencies (e,g* for an overhead projector), 

Dlscusalon. liometries in space are also (spatial) distance preserving 
mappings. Reflections through a plane (mirror) are a particular example. 
1, Look into a mirror. Wink your left eye, ate* 

(a) Describe as best you can ^at you are seeing. 

Write something on a piece of paper and reflect what you have written. 

(b) Describe this image. Does the mirror reverse the directions up 
and down? right and left? • 

Tilt your head 90^ to one side still looking Into the mirror, 

(c) Would you now say the mirror reverses up and down? right and left? 
Wrl^e something on the transparency. Hold the transparency in front of 

you and compare the view that you have of it (through the transparency) with 
the mirror image which you sea, 

(d) Describe again what directions are reversed. 

Assume the mirror is against the north wall of the room. Label the other 
walls east, south, and west appropriately. Point up and observe which way 
your ijnage points. Do the sama for the five other directions (down, N, E, 
S, and W) , Point in other directions such as NE, 

(e) Record how the mirror changes each of these directions, 

(f) What are the apparent coordinates of the Image of a point 

with coordinates (x,y,z) where x is the distance into the room from the 
north wall (so that negative values correspond to points beyond the wall). 
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Write the word "Physlw" on a place of paper. Reflect it In the 
mirror. Now take the piece of paper and tape It to the^mlrror so you 
can see the word, 

(g) Record the difference between the reflected ^ord'and the taped word. 
Note that you taped the paper onto the mirror you had to turn 

the paper around in order to see the word. ^ How did you turn the sheet? 
How else could you have turned the sheet to make the other side visible? 

(h) my is It more natural to think of half -turn rotations In space 
made through a vertical axis rather than some other axis (like a merry--go-round 
Instead of a ferrls wheel for example) so that top and bottom remain in 

the same poaltlon but front-back and left-right relationships are reversed? 

Think about, the phenomenon of apparent left-right reversal In a 
mirror by the psychological prej|^renee for comparing a mirror Image with 
the result of ''walking through the mirror" and doing an about face, 

(i) How would you describe mirror reversals when compared with 
walking through the mirror and turning around by doing a headstand. 

It Is fair to conclude that what mirrors in fact "reverse" are 
directions perpendicular to the plane of the mirror, so that they reverse 
front-back but they reverse neither top^bottom nor left-right relationships/ 

2. Make a triangle and label its vertices. Note that in space 
there is no problam in "flipping" a triangle since we are not restricted to 
a plane (wherd we would need to take the triangle out of the plane to 
turn it over). It is appropriate to imagine the triangle as having no 
thickness so that labels on the verticas should be visible on both "sides" 
of the triangle, 

(a) Can the triangle be suparlmposed in space with its mirror image? 
Now make two tatrahedra which may ba superiTnposed by cutting out two 
congruent scalane triangles (with the same orientation) and folding up 



36 



taping a to a', b to , b', and c/ to c" in the •following.-picture; 



'I 



1/ 



Label the four vertices of one and label the vertices of the other in 
the saae way so that the tetrahedra can be superimposed. Reflect one 
tetrahedron in the mirror. (You may not be able to see all four verteK 
labels^but you can see three and know what the fourth label must be.) 

(b) Can one tetrahedron be superimposed on the mirror image of 
the other? 

Take apart one of the tetrahedra and reconnect the same edges of 
the triangle but fold In the other direction (i.e. down or start with the 
triangles oppositely oriented before folding up their respective sides). 

(c) Now can one tetrahedron be superimposed on the mirror image of 
the other? 

Two shapes in space are termed congruAt if one can be superimposed 
on the other or on theother'a reflected image. In the former case 
(as in the plane) they are said to have the same orientation or parity and 
in the latter case, opposite ortentation. This distinction Is very 
important in the theory of particle physics. Reference [7] is a very 
readable account of physical parity; [9] is rather more technical. Similar 
distinctions make it hard to put a left-handed glove on your right hand 
(unless you turn it inside out) while the notion of a right-handed monkey 
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(d) Make up and pfitfora your own axperlmantB with parity^ For 
•3E«mple, students with a musical background can Imagina reflecting. the 
keyboard of a piano in the mirror. When this Is done what ''do the notes 
of a reflected C .major chord look like' (i.e. when you play those notei. 
what chord does it look ^e the hand In the reflection is pl^l^\^'''"^ 
these questions for major|7th and minor 7th, ' diminished 7th, and Wgmented 
5th chords. Note that if, for example, one majot chord is reflected to 
a minor chord then every major chord is reflected to a minor chord. You 
should be able to understand why this is true from Experiment I above, 
since any major chord can bo viewed as a translation of another. 
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Reflection Plane 

3. Place the hinged mirror on the table with the hinge vertical 
and observe what happens to the multiple Images of yaur face as you 
increase and decrease the angle between the mirrors. For example, wink 
your left eye and observe where that eye appears on each image. Using 
your protractor make a 90° angle between the mirrors. You should now 
be able to see your image in the combined mirrors with the hinge vertically 
bisecting your face, 

(a) What directions are now reversed? Is your image of the same or 
opposite parity as yourself? Using the ideas in Experiment I explain the 
spacte Isometry which transforms you to your image. 

Now measure an angle of 60* between the mirrors. 



(b) What do yom observe? • ,' ■ - 

Place SOTe obl^s randomly on the table between the m^i^^^ 
. (c), Describe how to make a kaleidoscope. As you sea the objeets ; 
reflected in images which seem to circle alound the hinge deicribe which 
ittages are direct and which are opposite. What motion in^e plane of 
the table have produced each of the images you see? 

Anchor one of the, mirrors and place a (rectangular) sheet of paper 

along (or'draw& perpendicular line to) the aide of that edge. From the 
top J the set up should look like the following: 




Rotating the other mirror, observe the taaies of the sheet (actually you 
only need^to observe one edge of the sheet perpendicular to the mirror). 

(d) * Describe how to make an angle of 60' using the hinged mirrors 
(without the protractor) , 

(e) How Is an angle of 45= obtained? Check your answers with a 
protractor , 

(f) What other angles can you find in a similar way? 

(g) If you wanted to make a kaleidoscope which showed exactly four 
other direct imaies of the reglon~between the mirrors how large would you 
have to make the angle? How many opposite images would there then be? 

(h) Does moving your head around and viewing the inside of the mirrors 
from different positions affect your result? 
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III. Symnetrleg J ■■ 

Equlpaent . Xerox copies (or the orlgipal J.llustration) in references 
[I, 3, 5, 6, 8, .nd 10] or other KEMaples of symnetrlc patterns. Vertical 
SCTireflectlng mirror (as In Experiment I) or standard square mirror. Faciljtfles 
tQ make transparencies (a.g, Xepox 4000 copier) of the illustrations in the^ 
above references. (Optlonali Two Identical 35 mm. slides of the above ' 
Illustrations and two slide projectors. 

DlscuBsion . 1. For our purposes, a pattern (of the plane) is obtained 
when some of the points are colored differently from others (this Is a rather 
fancy definition of "picture" or "design" but the concept of when two points^ 
are in regions of the same color will be an important one) . Allowing one 
color to denote those points not otherwise colored, we note that any figure 
such as a drawn circle is a pattern. A symmetry of that pattern is an 
isometry which preserves the pattern in that points are mapped to points of 
the same color. It is easy to see that the symmetries of any pattern form 
a subgroup of the group of all iaometrles called the STmmetry group of the 
pattern. In fact the group of all Isometrles Is the symmetry group of the 
(uncolored or uniformly color^) plane itself. It is a consequence of 
Experiment 1 that the three vertices of a Scalene triangle (or the triangle 
itself) viewed as a pattern has a pynm^etry group consisting of only the 
identity. We call such patterna (or figures) asynmietrlc . 

(a) Describe all the symmetries of a point (i.e. one point colored 
differently from the other points in the plane) . 

(b) Describe all the symmetries of a line. Hinti Mentally review 
the syimnetrles (reflections, rotations, translations, and glide reflections) 
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, (e> What are the s^nmietrias- of a regular polygon (equal sides and 

^anglea)? a rectangle (\rfilch la not a square)? a circle? 

(d) Why can't a translation or glide Reflection be a symmetry of a 
finite pattern (i.e. one which does not extend indefinitely)? 

If a pattern has at least one reflection in its symmetry group it is 
aaid to have reflective symmetry. If it has a rotation it is said to have 

r 

. Ce) For the capital letters (in the Doric style, without seraphs) whi^ 
have rotational and which have reflectional symmetry? Khlch seven letters ' 
are asymnatric? 

Every symmetry group of order two contains the identity and one other 
isometry (which must therefore- be its own inverse) . 

There are two quite different symmetry groups of order twoi one co.n- ' 
taining a reflection (and the identity) and one containing a rotation of 18o' 
(a half-turn) . 

Three predominant themes in art are the frontal view human figure, 
the (Latin) cross, and the Yin-Yang symbol (as on the Korean flag). 

(f) What are their symmetry groups? 

(g) A swastika has what kind of symmetry? What is the order of its 
symmetry group? Generalize this figure to a "three=branch swastika" (such 
as the arms of the Isle of Man, the "legs of Man") a "Five-branch swastika", 
etc. to obtain a pattern with only rotational symmetry whose symmetry group 
has any specified order. 

2. A discrete (or non inf initessimal) symmetry group is one which 
has a shortest translation (i.e. some distance such that no translation is 
through a shorter distance). In addition, for any point P, the subgroup 
which maps P into Itself must be finite. In other words, there is a 
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smallest angle jor rotation. Note that theJflynm.try group Itself need not 
be finite. For example, the ajametrlea of an infinitely long sequence 

©f daahea; has an infinite nmber of translations (and an 

infinite number of reflections) but one shortest translation (the distance 
from, say, the middle of one dash to the middle of its neighbor) ✓s- 

For the ranalnder of this experiment all Bynmetry groups will be 
discrete. We will be ra.th»r imprecise about when tw^' dlfle^. sji^etry 
groups (or their patterns) are "essentially different". This should 
cause no undue problem once we have experimented with varloui patterns and 
become more familiar with their symmetries. It' Is our goil to distinguish 
between different patterns and recognize similar ones. We^ll staH with 
patterns which are subsets of a line (the simplest case) and go on to those 
which «e subsets of a strip and finally treat the general planar case. 
Here are some general criteria to apply when classifying patterns s 
^When two translations have different directions, their respective 
lengths and the angle between them is not Important In deciding if they 
are essentially different patterns. 

However, the (smallest) angle of a rotation (about a point P) 
la important as this determines the number of possible rotations about P. 
For example, if that angle is 60' there are exactly six rotations about P 
(including the identity) . Here are some other considerations which will 
lead to distinguishing patterns. 

Which types of synnnetries are present (e.g. are there glide reflections, 
etc.) . 

What is the lariest order of a subgroup which fixes some point of the 
pattern. 
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How the directions of the translations intetact with lines of re.- 
flections or. directions of gild* reflections. Similarly, do reflection 
lines go "through centers of rotation? 

Whether the pattern contains glide reflections without containing 
the translation Cglide) from which It was fomed. 

Briefly, it Is the Interaction of the syometrles of a pattern (their / 
group structure) which is more Important than the pattern Itself. 

(a) As we have seen, only rotations and reflections can fix a point. 
Using the results, of Experiment I show that these are essentially two different 
patterns with a smallest rotation of 360Vn ' for each value of n. We 

will call one pattern the n-pronged swastika pattern and the other the 
regular n-gon pattern (where a can be though of as a line or a 

rertangle) . Which pattern is similar to a star? 

(b) Which patterns are similar to th^ following i 





3, There are only two patterns on a line: the Morse code message 

consisting of a^s (dot dash space dot dash space etc.); and the Morse code 

massage cdnsisting of e's (dot space dot space, etc,). 

(a) Why are they essentially different patterns? 
Note that -on a line 

we cannot distinguish between a reflection (though a line perpendicular 



(b) Which pattern (a or e) Is that farmed by an aqual spacing of 
dots which alternate In colotr red blue blue red? red blue blue? red white 
blue? 

4, The patterns encountered in the remaining parts of this experiment 
irtll be a bit more difficult to analyze. To aid in their analysis * the 
following procedures can be followed. The pattern can be Xeroxed and a 
transparency copied from the sane original. Ref lections can be detected 
by a vertical mirror or by the vertical sralref lecting surface as In | 
Escpertaent I. Reflection lines can then be labaled. Rotations and ^ans- 
lations can be detected by using the transparency and sliding it along 
the original until the patterns line up. We then observe that unless the 
transparency is slid keeping its sides parallel to the original, a fixed 
point will occur, thereby indicating a rotation. Glide reflections can be 
detected by flipping the transparency and moving it around to see if the 
patterns can then be made to coincide. An altemate method (more useful 
for dmonstration purposes than for individual experimentation) is to 
focus two slide projectors on a conmon screen and to superimpose their 
images after one of the projectors has been rotated^, translated, etc. 
Reflections and glide reflections can be discovered by following the same 
procedure after one of the slides has been flipped. 

(a) What symmetries inust a pattern have if it doesn't Tnatter how a 
2" X r' slide of that pattern ^s put into the projector? How many diffifent 
ways can it be put In? 

We will now explore the strip patterns (or ftleEe patterns). These 
are patterns ^Ich may be placed on an (infinitely long) strip. They all 
contain translations but these translations are only in one direction (parallel 
to the length of the strip). A concept which is important Is that of a 
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(design elements) 

bMlc chaMcte^f the patteni. m tha pattern la fomed from « sequence 
of ndnoverlapplng translations of this region. . Pundamental regloni are not 
unique^ For the a pattern In part 3, the pattern "dot dash space" ) 

- ' ' ' ' 

Is a fundaoental region. 

(ff)|What other fundamental regions generate the a pattern? 

There are seven basic types of strip patterns. We will name then by 
using the mnenonlc device of using words of (lower-case) letters which 
form their fundamental regions. For example, the pattern noned "pd" Is 
the pattern formed by the Infinite sequence . . .pdpdpdpd. . 

The pd pattern Is exonpllfled by the patterns / 



The seven patterns are: p 

c 

•pq 

pb 
pd 

X 

p dbq 



(a) Explain why pb Is different from pd. Why is pdbq different 
from each of the others? 

(b) Name the pattern formed from a string, of (capital) N's? M's? O's? 
a Elgzag? 

(c) Classify some selected bordara of Greek vases in reference [3], and 
find a fundaoental reiion for each. Can you find all seven strip patterns' 

5. There are 17 wallpaper patterns (i.e. patterns in which a finite 
fundamental region can fill up the entire plane) / All these patterns are 
characterized in that there is a shortest translation and a next shortest 
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^ nm\^cmgom^iDJ3M ot thsaa traxislatlons (and their Inverses)* A parallslogr^ 
with tt^aeant sldts formad from these vectors gives a fundamantal region 
although) other shapes are possible (e.g. In Eicher^s work). This fs the 
^ first timm we will encounter rotations (other than half -turns) along wl^ 
translations. By the very Important ''crystallographie restriction " the 
only mall^st rotations which are possible are through angles of 180^, 120*^* 
90** s and 60^. This restriction is Inherited by the erystallographlc^iplfee 
groups. In Expertaent IV we wllL gain some insight ^Aiy these are the only 
angles available. 

Agiiin we will nmB the seventeen patterns mnMonically but we refer the 

studen|f^to [2] for a more esthetic*dlsplay of these patterns (we uBfi the 
I 

same o^er as [2]) and to [4] for their erystallographlc nme^. The patterns 
are groiiped as to smallest rotation. 

Recall that there are three teasellatione (tilings) of the plane with 
regular polygons: triangles (as oh a geodesic dome); squares (a checker-- 
board) and hexagons (a honeycomb). They constitute a starting point for the 
last eight wallpaper patterna. In particular^ if we fill each polygon 
(for example triangle) with (three) pronged swastikas going the same way, 
we say we have the oriented (triangle) pattern. If the swastikas alternate 
in clockwise— counterclockwise directions we say we have a doubly oriented 
unorlented (triangle) pattern. Without swastikas we have the triangle pattern. 
The first two., cases are illustrated belowi 
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Hera Is !the llsti 



Ne racmtlotiss 



OT 
TO 



(horlEontal) pq 



(vert leal) q 



(1.©* a parallelogrm containing p is used 
to tile the plane% . . 

(a square containing OT la uaa4 however 
the fundamental region la simply TO)^ 



(or YX 



y 



180® rotations^ 



oriented ractangles. 

doubly oriented rectangles (the %r±ek pattern"), 
(unorlented) rectangles (f5) 

pd 



120* rotations: 



pb 

qd , • 

oriented triangles (we must not allow 60^ rotations 
thr©ugh points where 6 triangles meet so Imagine the 
triangles are alternately colored with wo colors), 

(uhoriented) triangles (in two colors as above), 

doubly oriented triangles • 



90"* rotations: 



oriented squares ^ 
(unoriented) squares e 

doubly oriented squares (the "overweave-underweave'' pattern). 



60° rotations^ 



oriented hexagons, 
(unoriented) hexagons . 



(a) Why don't we have a ddubly oriented hexagon pattern? 

(b) What diatingulshes the three different patterns with 90° rotations? 
(e) Which is the pattern formed from an infinite two-colored checker- 
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(d) Classify somt selected patterns In [5], [6], and [8] and find 

a fundamental 'Tegion for each . 
<e) Make up your own pattern for each of the seventeen classes. 
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IV, Reflection Groups 

Equipment. At least sixteen 1* k i* ini^^Q^g^ mirror 17" x i' , 

Glass cutter, (If it is not feasible to cut mirrors yourself, have 10 
1' X 1' mirrors, four rectangular mirrors of length 1' and xvidths 6'^ 10.4*', 
8 1/2" and 8 1/2" respectively; also triangles formed from a diagonally cut 
1' K 1' mirror and a 1' x 17" (rectangular ) mirror . Styrofoam cube (witl^ 6*' 
side). Extra mirrors. Heavy duty clothbacked tape at least 1'' wide. 

Discussion. 1. Among the syimnetry groups we explored in Experiment III 

some of them are generated by reflections. That is, every symmetry can be 

realized as a composition of reflections. A symmetry group is a reflection 

MSm generated by a set R of reflections if every symmetry is a composltio 

of elements in R. Equivalent ly, this means that the only subgroup of the 

the reflections i 
symmetry group which contains^ R is the whole symmetry group itseU . In ter 

of patterns, this means that if we take that part of the pattern bounded 
by the reflection lines associated with R, and look at that part of the^^"^ 
pattern and its reflections in mirrors placed on those lines, the whole 
pattern is visible. ' \ 

Two simple cases of reflection groups have already been observad. One 
of them is the familiar "barber shop pattern" as you see yourself mnitiplv 
reflected in two parallel mirrors. 

(a) Which of the seven strip patterns in Experiment III, par. 4 is the 
barber shop pattern? Which Morse code pattern is it? 

The fundamental region (as describod In Exporunent m) of a ruflecti.^n 
group is nut the region betweuu tiui mirKif;- (in l^hu i^arhor Mb.M> [Kiftorn it v; 
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twice as big) since the fundamental region gives the pattern 'by translations 
only. Wa will call this smaller region boundad by the mirrors the fundamenta 
rjef lection ^gion . 

Another example of a reflGiition grcmp i^: tile symmetry groop oi a regular 
polygon (ExpariTTiBnt ITJ , part 2), . -: ■ 

(b) What is the f Lindamejntal reflection rL-g ion of such a pattern. , 
Evidently, two reflections can genaraLe onlv the harbor shop pattern 
or the symmetry group oi a regular polygon To creai;e a wallpaper pattern 
at least three mirrors are nocdod. 

When three mirrors are placed in triangle in which oiiu of the angles 
is not 30% 45% 60% 90% 120% or 180% then it will generate a rotation 
which, is not one of the rotations posKible in the cryst a 1 ! ograph ic condition 
of Experiment III, \ 

(c) Form a triangJ.-. with an an^ic din-oront from one of those specified 
•above and observe the patieni f.,rme:. Why -h ir nut a discrete symmetry group 
2. Using a one tootuiirror hh a uiiLi:, wc will ri-eate all the Rvinmotry 
groups in Experimcait 11! wiiich arc reflection gruupK, Our method will be to 
cut mirrored squares to the proper speci li cat iouH and then connect their 
external sides with_ tape. 

Beside the "harbor shop pat t <a-n" en 1 v -n,. ^^thor sLrip pai.oirn'is a 
reflection group, Thi^. isrhn xpaLLurn, i al:,. t h.;au ni irror squares and ■ 
connect the th-ue to arm lUr.h^ aioaa . i : , r.^aaagic r.r :-,ouara). book 
into the pattern this farms, A f unqanu au a ^ rcU-atiaa. rcginn is I ben one 

of the four "legn" ol t a.a a. a,:o: .a - : ra,a' a, , i 1, , , M ,a. 
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Of the seventeen wallpaper groups, four arc; reflection groups. Since at 
least three mirrors are necessary at least two of them musi: Intersect and 
therefore the pattern must have some rotational symmetry. 

(a) Why must .there be rotational ajmmetry? " 
There is one reflection 

group whose minimal lotatinn is 180^ By Kxperiment I_thls myana that two 

mirrors must meet at a 90= angle. In fact all^ angle, between adiacant mirror, 
must be 90^ . 

Make an open rectangular (or square) bo. wUh four mirrored sides fso that 
tPrey all reflect into the middle ^of the bn-O . 

(b) Which pattern did you create? What part of its pnemo^lc name orms 
a- fundamental reflection region? 

(c) Create a design and sketch the pattern created when that design 
is piaced in the middle of the mlTrors. 



onpn nr?S^^"''^.!;''* following internally reflecting mirrored triangles factually 
open priams with a triangular base) : 



an aquilatGral rriangle (with three eniml Kquarc^^:; and 
angles of 60^ , 60^ , 60") 



a right isoHcuLcs triangie (v/lLh iMrrurs oF heip;ht 1',; 
one of width L'; and two utht^trs or width s/^2/2 - 8 1/2''' 
respGctively i ^ dhat its anglcj^^ htb 90% AS"" , aS""). 

ha^l_an equll at: . ^ ra L trianiwle ith widthn I2*\ 6*'- and 
\r^/2 - 10,4" and angleR 30% nO% 90%, 

Observe as you did be tore the thrtia patLernR ForniGcU 

(d) In thesQ throe: c:asoH what paf torn did ycai croatc? For nach how 
do fundamentaL reflect iou re^Lm^ connuct Into ono famdamonta 1 region? 

;e) Draw fundamental r^iiliicvion regi.-nH lor Mi- patterriH ln,Kxperl- 

ment Ell which von clans.lf ied < rei i.'ctinn Kruupa. 

^ry;-itai Loinwu)frv , :.i:e -,K^ce ^jnam^ fi,.^. djam^ntG symmotrv 

gruupH uf thrtJu-Hnaoo) ^Juuiv'd. '/h.-r^sia fi^. c,. ,n ,.(.von ia-^a^ e:-^^entlaMv 

dittarent syrnnifH: r f < wlii'h op • ' I ^) > .-ii ;'■,(• v.diirh 11!! 

# 

up HpMi'. W,: ran ;aa- 'd.-.i .a (^i.^i, • , -m; ■ ! • > . ; r v-Mi ■ ^-o , a:a mp 1 r-:^ ot 
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The analogy of the unorientied rectangle pattern in three-space is^ the 
unoriented box pattern. ^ (A pile of bricks with nx) aYerlapping) . ' Make a 

five sided cube out of mirrored squares. (Put a mirrored bottom on the four 

mirror box you created part 2.) Ta ■ large mirror and place it on 

the top with a small opening so that you in 4he inside. Put a flashlight 

inside and observe this three-dimensional -ttern. We remark here that 

this inusion was created on a mnmnh r^. ^he "Labyrinth'^ exhibit of 

the Montreal 1967 !^ .u^i ..^ now a. ^ve thp additional symmetries 

which result when we consider the symmetries oi a rube (and not, as above 

the reflections which exist In a rectanguLar box). A cubc^ lias three pairs 

of opposite faces and six pairs of opposite edges. These give nine ^ 

'J 

reflection planes of a cube (three of which interchange opposite faces and 
, six of which intei lange rM)pnsite edges) . 

(a) Describe how those planes Intersect the .faces and edges of the cube, 
WherQi^O. iutersect each other? 

These reflections and vheir compasitions generate 48 distinct isometries 
which take the cube into itself. 2^^ of them are direct in that they can 
be realized by rotating the cube (and preserving parity). Note that any one 
of six square faces can be "cm top'* and Lhen anv of its four adjacent faces 
can "face front". These reflections and their :f ntoracit luas can be best 
visualized by making a few cuts in a -tyrofoam rube (with a band saw) along 

reflection planes. The student should n^.te^tb- simLlaritv between symmetries 
in three-^space of a cube and the symnictr i<..s (in the plane) of a regular 

polygon. In both cases iialf <>i them can Im: vc.^\ [zud by rotations. This Is 

true in general. When all rho riits havu 1-.hui luado the cube 1s cut up Into 

48 congruent rugiuns, eaeh of wiiirb is a f uui\:wunir n\ n-^-Jim n\' Ihj' cube. 

(a) Show that a fiiiKfisinMa.a I i-.-^M-a Lh- eni)^' \ j. i nar • s i tb.-rl 
[)yramid ( te t raherlrnu) . Ms aaso i;, ,i 'mI/ i , ..n;,.h ; 
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formed by 1/8 of one of the bounding planes of the cube and the vertex of 
of the tetrahedron is the center of the cube. 

When we make the three sides of the pyramid out of mirrors we will be 
able to peer inside and see the ^ cube with all of its reflecting planes. 
Since many reflections are occuring, the mirrors must be cut quite accurately 
CO observe the propr effect. Cut a 1' >; 1' square In half diagonally ' 
for one side. The other two sides are formed from (directly) congruent 
triangles of sides 1, /T. sf^^ We can make both of these simultaneously 
if we diagonally cut a mirrored rectangle of dimensions 1' x 17" (mo^e 
precisely 16 ~") . 

Taping these three criangles together as below we obtain our fundamental 
region: 



^ 1 













tape these 



edges together also 

(b) Explain what happens when this reginn is seen through its open 
base. In particular, trate a light ray wliich appears to be reflected off 

the rear face of the cube, ^ 

When the fourth side is partially covered with 
a mirror as in the case of the mirrored bo::, another space group is seen. 

X ic) \-Jhat la the analogous wallpaper group? 
The more ambitious 

student can perform this witih a regular tutrahedron (bp^mded by equilateral 
triangles) , 

(d) How may reflectian planes wlLl there be? How many fundamental 
reflection regions? Ilow many wnys ar- Lhiire to roLatc a tatrahedron in 
three >^pace? (ilie other h?i U" ni" rhe i riomo l r [.(-■;. (^c) rrajpnnd to rotating 
the tet rahedron ^; inirrin: Un : in ::iu.' buoiu. 




i 
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TWO VIEWS OF THE MIRROR CUBE 

OVER PAGE 

ESCHER PRINT, TO BE USED WITH MIRRORS TO SHOW 
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Appendix. A group is the mathematical term for a set of elements 
(e.g. real numbers) and a composition (addition in our example) which assigns 
to any (ordered) pair of given elements a third (not necessarily distinct) 
element (an addition table). In general (unlike addition) two elements 
will compose to give different elements dependini upon in which order 
they are composed. The group must possess an identity element (zero) which 
when composed with any element in either order gives that nmnber in the 
composition (0+3-3+0=3). Also every element must have a unique 
inverie (its negative) which composes with the element to give the identity 
(3 + (-3) = (-3) +3=0). 

Another property enjoyed by a group is that of associativ ,ch in 

its simplest terms means that a string of compositions may be ._uated 
by composing any consecutive pair of terns thereby shortening chain 
until eventually one element results (so that 1+2+3 can > evaluated 

i 

as 3+3=6 or as 1+5=6). This means that any choice consecutive 

terms may be chosen first so that unless otherwise specified one may as 

well compose "left to right" so that l+2 + 3 + 4s"3+3 + 4 6 + 4 = 10. 

A subgroup of a group is a subset of its elements which itself, is a group 

o£ a group 

using the same composition. An arbitrary subsey^is a subgroup if it contains 
the identity, inverses of all its members, and the composition of any two 
of Its members (including the compdsition of a member with itself). 

The integers (...,-2, -1, 0, 1, 2,...) are a subgroup of the real numbers 
(using addition as composition). Other groups include the nonzero real numbers 

with multiplication as composition. The p'-'sitive real numbers are then a 

subgroup. 

Vectors iw the plana are directed line segments (or "arrows") antT tm > 
vectors are considered the same if; they point in the 'same direction (I.e. they 



ara parallel with their heads facing the same way) and have the same length. 
This gives a 1 - 1 correspondence between vectors and pairs of real numbere 
with the pair (x.y) correBponding to the vector whose tail is at the origin 
of the Cartesian plane and whose head has coordinates (x,y). Vectors form a 
group in which composition ig vector addition. Vectors v and w may be 
added either by ••head=to-tail" compoaition (i.e. superimposing the head of 
V with the tail of w and considering a new vector with v's tail and w's 
head) or by adding their first coordinates together and their second coordinates 
together. The identity of the group is the zero vector, the unique vector with 

zero length. The inverse of a vector is the parallel vector of the same 

length which faces in the opposite direction. 

As a result of Experiment I, the isometries of the plane also form 

a group and the vectors can be thought of as a subgroup (of translations) 

of this group. Isometries and translations (vectors) in three-dimensional 

space also form groups. 



1 
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ADJACENT COLORS 



A numbtr of books treating the phenomena of adjacent colors and 
vapiaOs colored foregrounds and backgrounds are familiar to those in- 
terested In physiological optics (U 2, 3^ 4^ 5), 

More extensive treatment of certain effects are to be found In 
the works of some artists (fr, 7, 8, 9), These books ordinarily contain 

somewhat better color plates than those mentioned in the first paragraph, 

/ 

The observations outlined in Josef Albers "Interaction of Color" 
can be a student experiment (especially Chapters X through Y). 

If desired the relatively inexpensive soft cover edition can be 
considered a piece of laboratory equipment. Some may wish to supple^ 
ment this with material from references one through five or other 
sources. 

If your institution has the kit Albers: Formulation, Articulation; 
It constitutes experilHents in itself, Hov/ever, the fact that it was 
printed in a limited edition and its 1973 price of $2^000 may bring up 
some obvious problems about using it for student labs. 
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Albkrs, Josef- Interaction of Color: Unabridged Text and^Selected 
Plates (abridged LC 74-147901) II lust. 1971, paper $4.95 Yale 
Univ. Press. 

Itten, Johannes; The Art of Color (trans, hy E. von Haagen) 1961, 
New York, Reinhold Publishing Company 

Itten, Johannes; The Elements of Color (ed. by Faber Birren) 1970, 
New York, Van Nostrand Reinhold. This is based on Itten 's The 
Elements of Color but is considerably briefer. 



^ The Human Eye 

CInco has for some years sold an optical model ( not physiological 
modal) of the human eye. The associated experiment is instructive 
and popular with most students. In short the expn loes somewhat 

Tike this. (Figure 1) The water filled tank rep a fluid 

filled eye and C is a lens let into the side to repr&^^ the cornea, 
a white circle painted on R represents the retina, (the fovea centralis 
and blind spot are marked). 

A set of lenses is provided. By placing a lens (representing the 
crystaline lens) at L distant objects are brought to focus on R. 

Accommodation is illustrated by bringing closer objects into focus 
by placing a lens of greater power at 

Visual defects may be simulated by lengthening or shortening the 
"eyeball" by moving R forward or backward. These defects are corrected 
by placiQi a series of spectacle lenses at S and observing what type of lens 
corrects what type of defect, 

/tetigmatism is simulated by placing a cylinder lens at L and correcting 
the effect by rotating another placed at S. 

w 

various combined defects may be simulated by the combination of lenses 
at L. Questions of varying degrees of sophistication may be asked, 

h spite of i^s popularity the present price > $100.00 for the eye 
model and lenses and $30. Qp for the light source sometime prohibit 
its use because of the one-experlment-ohly nature eye model and lenses, 

Ills note suggests how we can ass^ble an eye model from readily 
available materials, the total cost of which (aside from the contents of 
the'^'tin cans) did not exceed $20, 
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A hole for a corneal lens was let Into the end using a chassis 
punch (drming or snipping Is O.K. but leaves less even edges). The 
lens used here was a piano convex lens ^ The 

lens and its suppoiftlng tube 'were fixed In place using "S minute" type 
epoxy. The general construction details are marked on thp diagram. 
^ 'Tie Inside and outside of the can Were palnttd with spray flat black 
enamel and the cornea with spray epoxy white enamel. They seem tovadhere 
well to a cleaned can surface and have stood up well after being inmersed 
In water. ' ■ 

lie design criterion for the corneal lens- is that 1t brings distant ' 
.objects to a focus behind the rearmost position of the retina. Possibly 
even slightly outside the can, 

ajitable lenses were obtained by calling an optometrist, explaining ' 
the educational nature of the project and having htm obtain the lenses. 
Some (though probably not alll lens manufacturers are relactant to .sell 
to "lay people" . 



^e selection ^f \ lens for "the cornea Is the only critical part. 
" One may calculate tK| app.ropr1 ate image-bbject distances using standard 
l.quJBons for summer^ed lenses (e.g., irong, Concepts of Classical 
Optici). It 1s well howler to roughly check the calcu,lat1on by fillin 
a tin cafl to the aoDroDriate deoth with Watfir . hnlH f ho lone An 
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surfaca and observa tha image of the sun or a high' overhead la 



tha bottom of the can* 
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SHADOWS 

Purpose: (1) Show ge^etric relationships between source-object, 

object-screen distances, and object size vs Image size 
using pinpoint source. 

(2) Above using paranel source 

(3) Show relationship between Image size and. Image screen angle. 

(4) Defn9nstrate umbra and penumbra due to extended source. ' 

(5) Use l4htmeter to analyze "fuzzlness" of shadows *^ from 
extended (not pinpoint) light sources. 

^PP*^^*"S^ ^ EST. COST 

Optical Bench (meter stick variety) $10.00 

Holders, assorted ■ $5 00 

Screen (covered with graph paper) $5.00 

^ Source with reflector & 25 watt bulb $2.50 
Cardboard ^ 

Hole punch . 7Q 

■Tape J^ 
jass 



.50 

*Photometer " jig qq 

*178 inch lucite rod . * $] .00 

♦Micrometer . j^q^q 
♦Optional 

7, See construction details of an inexpensive lightmeter, Jones, E. R. 
AJP 42(342) 1944, (April Issue). 



39.2 

(1) Backgroundj The gtometrical relationships of shadows from point 
sources may be seen from the following diagram. 




objc-dT imft^^ s ere e'fl/ * 




Procedure: Cut a 3 cm. by 2 cm. rectangular shape from cardboard and 
place 1n a holder. Tape a piece of centimeter graph paper to the 
screen and place in a holder 5 cm, from theobject (rectangle). 
Next cut a small circular piece of cardboard which will cover the 
entire front of the light source. Punch a small hole in the center. 
This hole will serve as an approximate pinpoint light source. Now 
tape t^ie cardboard to the reflector and place the source about 15 cm. 
from the objective. Measure the height of the shadow on the screen. 
Move the screen 2 cm. further away from the object and repeat the 
measurement. Continue the procedure un.til the object-screen distance' 
(k in Fig. 1) is at least 3 times the distance between the object md 
the source (measured from the plane of the cardboard). Notice also 
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how the shadow becomes "fuzzier". This is due to the source being 
only an approximate point source. Fill In the table below 



Objact'^screen 
distance k 




l{CB ! , frorn Eq, i ) 


«> 




- — ~ — — » — 

'^^^ — -- - - 



(2) Place short focal length lens % front of point-source so 
emitted rays are parallel as shown in Fig. II 




Notice that the size of the shadow produced is almost % 
independent of the distance k by moving the image screen to 
various positions along the optical bench. 
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(3) The relationship between the length of the shadow and the Mgle betwien 
the/light rays from the parallel source (such as the sun) and the Image 
scrWn (e.g. the earth). If this angle denoted 'as Q 1n Fig. Ill Is 90°, 
the shadow height Z 1s the same as the object height L; howerei'. If the 
angTe 1s not 90°, the shadow appears longer. 



^ — 




The general formula is; 



i = l/sinG 
L 



Eq. 2 



Verify Eq. 2 by making Z measurements at 75°, 60°, 45°, and 15°. 
Fill in Table 2. Also, as an extra exercise determine the approximate 
times of day at which a shadow on earth would bear this same relation- 
ship to its object. 



0 




Time of 
Day 


75° > 
60° 






45° 






15° 
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Now remove the cardboard cover of the source reflector and 
punch another hole somewhere at least 2 cm. away from the first. 
Replace the cardboard and observe the shadow pattern. Now there 
are two distinct shadows which overlap somewhat Iff the middle. 
The darker Inner portion is called the umbra while the lighter 
g^%y area 1s called the penumbra. Now remove the cardboard and 
punch two more holes syniTi^trlc about the first two. Replace 
the cardboard and observe the shadow pattern. Now remove the 
cardboard altogether and observe the pattern. Describe what you 
see and explain it in terms of an infinite number of pinpoint 
sources , 
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(5) In order to quantify tha term "fuzilness" of a shadow a 

dlitance called the iialf-width of the shadow may be defined as 
follows: first the relative maximum Intensity 1s measured 
canpletely outside the shadow* The source without the card- 
board 1s used. Then by carefully measuring the distance re- 
quired to go from 25% to 75% of the maximum Intensity, the 
half-width Is defined as the distance. A graph of this analysis 
might appear as follows: 



y„ -r- 



7 



F,c>.H- 




/o ir 2r 

Un ih of ^isfflmce 



The procedure for measuring this parameter Is to replace 
the screen with a photometer on a lab jack or other suitable 
de^vlce so that Its position may be slowly and reproducibly 
varied, A micrometer or dial Indicator is then used to measure 



r 
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tht distance traveled. Also, a piece of 1/8 Inch lucite makes 
a good light pipe if properly coated and Is much easier to wield 
attached to a micrometer. A set up Is as In F1g. I, except that 
the screen has been replaced by the photometer. The maximum 1n-^ 
tensity Is recorded and then the apparatus Is lowered into the 
shadow In small incremerits, recording the relative Intensity at 
each step. The photometer is then moved to a new value of k 
(distance between object'^and measuring device) and the procedure 
repeated. This will yield a set of curves as follows : 




♦Typical values for two positions are shown, in the attached, 
graph. This section is still in very rough shape since I'll 
probably be the only one who Hfes it. 




'flfO-Ilm '13.6 -1/6 ~i»6 'IB -7* -^o -J* '9« -2b 0- ^0 ta Sb If6 So 70 P fd 

„ „ : . .• ■ J9/ 
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RESMNSE OF THE^YE AND THE EAR TO INTENSITY CHANGES ^ 



Introduction ^ 

Bothntht tye and the ear can respond to a very .wide range of In- 

, tannttis; tha faintest sounds wrcan hear are about 10"^^=t1^nes as Intense 

s as the loudest we can tolecate without pain, and th« faintest light .signals 

' = 1 p 

we can detect with the unaided eye are about 10 times as Intense as 
direct sunlight* Because of this wide range of intensities, we express 
sound intensity, for example, in defclbelSs ^hlch ^'compresses" the intensity 
scale logarithmically/ 

We^ would lil^e to find a mathematical relation between the Intensity 
of a light or a sound stimulus and the infernal sensation produced* However, 
while it. Is easy to measure a stimulus 1n physical terms ^ 1t is not .so easy 
to measure a psychological .sensation precisely. We 'are aware that the sun 
Is brighter than a candle, and t^at a jackhammer 1s' louder than a bumblebee, 
but evaluations like "twice as loud" or "three tlfnes as bright" do not give 
very precise measurements since they vary somewhat from person to person* 
^ One solution to this problem of psychological measurability is to 
measure the smallest change in stimulus necessar^ to produce a change in 
sensation. . If the sensation produced by a stimulus varHs as, say, the 
logarithm of the stimulus (i*e., if the ear works on a ^decibel -1 Ike scale), 
then the change in stimulus As necessary to produce a noticeable change ^in 
sensation should be proportlonar to the stimulus s: As = ks* This relation- 
ship was first noticed by Weber in the l9th century and is called Weber's 
Law. It has been found, to be approximately true for all' of the physiological 
sensors with various values for k, the fractional change necessary to be 
noticed. For instance, for sound intensity changes*, 1^0.1; for smell and* 
wste, k^ 0,3^ for sk1n pressure^ changes, k.^ 0.05. - , 

In this experiment, each student will measure his lab partner's 
sensitivity to a change in sound and light Intensity. When the experiment is 
completed the tester and the testae (as Flip Wilson would say) change places 
■and repeat the measurements. Afterwards, each lab group will use a light 
meter and, decibel meter, to survey light and sound intensities around campus. 
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In tht light portion of this expirlment, we will use the f»ct that 
light intensity varies Inversely as the square of the distance from the 
source fv 

I ^ C/D^ ^ ^ ^ 

In the sound portion we will use ,thf oscinoscope as a voltmeter/ The 
amplitudes on the oscilloscope display are conwrted sto; voltages by 
multiplying by the scafe/factor used at each point. The ^ 

1htens1ty of any wave 1s proportipnal to the square of Its ampl 1tude .however 
we are not tntarested 1n absolute magnitudes here, but only in relative ' 
changes, so we will use V" as ^Intensity, 
Apparatus : ^ " 

" A, Light Intensity 

1 -meter optical bench 
photometer head for bench (Bunsen type) 
black, fel t drape 
^ ' light meter with calibrated filters 

2 light sources to TOunt on bench: 2, 7.5 watt bulbs 

2 100-watt bulbs. ' , ^ 

. B, Sound Intensity ^ 

Audio oscil later . 
Headphones (monaural or stereo) 

Oscilloscope . ^ 

Intensity switching box (see construction notes below) ^ 
Sound pressure level meter (db meter) 

Procedure : 

A. Light Intensity ; . 

We win set-^^ = 1 .for the" 7.5 watt bulbs so I^"= c^/D^. We must then 
use one large bulb and one small one to determine for the lOO watt bulbs. 

1. Set up the optical bench with the photometer head at the 50 cm 
mark, one 100 watt source at 100 cm, and, one 7 1/2 watt source on the op- 
posite side of the photometer. Be sure to use the" drape to keep stray . light 
from shining in- the subject's eyes. , . • " 

2. Va^y the position of the 7 1/2, watt bulb until both fialves of the 
photometer screen appear equally illuminated. Note that the smaTl sorucf 
can be moved back and forth a small distance with no apparent change In the' 
screen.. Try to locate the^^/enter of this interval. .Record the .distance S 



from the 7 1/2 watt sourct to the photometer head, Calculate 
Cg ^ (D small )2/(D large)^. ^ ' 

3. Rrinove the 100 watt source. Set both 7 1/2 watt sources at SO cm from- 
the photometer head, ^ ^ . ^ , 

4. Leaving one source fixed*^ move the other lamp tovyards or away from the 
photometer and record the distances at which the subject says that side of 
the screen Is brighter or dliraner, . > 

5. Repeat steps 3 and 4 with the fixed source at 40 cm, 30 dm, 20 cfli, and 
10 cm, then repeat the entire process with the pair of large. souf£%s^ ; 

6. Calculate the values 1n the data chart and graph M vs.-'I and \ . 
AI/I vs* I. . ' ; " ^ 
Data: ^ - - ^ ' 



small source 
,2 



1/D" D near D far I=C/D' 



2 1 

Aavg, D far^D near ' 4j-c(1/D.- ^-^^2 ) ^ 



Procedure: 

B, Sound Intensity 



f 4 



) 



1. Connect signal generator, ^itch box, headphones; and Qscllloscope as 
shown. Have your instructor check the wiring before proceeding. 

2. Turn on oscnioscope and signaj generator and set frequency controf at 
400 Hz* , Set signal amplitude at^O, ^\ ^ 

3. The subject is seated behind the oscilloscope so he cannot see any of 
the c'dntrols and puts on the headphones, ^ 

4. Set^the oscilloscope vertical sensitivity control at 5 mv/cm arlft adjust 
the oscillator amplitude to obtain a wave amplitude of 1 cm. 

5. Set the '!louder"' knob at "max" and th^ ''softer" krfob at "min," Throw 
the switch in either direction dnd the subjetT shotild say "louder" or 
"softer". Return switch to "normal." ' 



6, Turn .^oth knobs slightly ^towards "norwiT" and repeat the process. Be 
fUft to switch froni normaT tojeuder^^nd norma 1^ to softtr Ifregularly so. 
the subject cannot predict which change>in occur next. When you. fiave \ 
reached the .jiTialTest deviations which the subject .can detect /record the ^ 
oscilloieope amplitudes on the loud and soft settings, . \ . . 

7, Repeat for "normal" voltages of 5, 10, 30,40, 60, 75, and 100 mv. ' 
as showr^ below. . 

8, PTot ^s^/s versus s and Asg/s versus s on linear graph P^Pfs^ ; 

Data ""jr ^ ' - ' I " s 

vert, sens, ^ amp. (cm) r V-mv/cm' X amp, ^ ' - . ^ -V^ u2 w 
- ^ .2 max V^.^^V 



(mv/cm) normal mln.max. V • V V V V^. V Jiax g 

, . . n mm 'mav 'n 'mm 'mav 



0 min_ max o min max^ 



5 . • 1 • 5 - ' . ■ ' 

5 , ■ 2 ' TO ■ . . 

10 2 . 20 ' . , ' 

10- -3 30 

20 2 . 40 ■ , . - 

20 ^ * 3 ' 60 

50. .1.5 75 ■ 

50 . , 2 ' 100 ; 

Questlqris.fpr parts A. and ^ * . ^ 

1., your results verffy Weber's Law? Over how many orders of magnitude 
'in I did you test Weber's Law? , 

2, On the average, were "more Intense" or "l ess intense" changes more 
noticeable? What' wcful^you expect to happen? 

3/^ If_'you weri trying to get better results in. this experiment^ what 
changes in procedure would you make? 

Sound and light intensity survey of campus 

With a sound pressure level metir (db meter)/and a, light meter, take 
readings of the sound and light intensity at various points on campus. You 
might take light values in reading and study areas, outdoors ^M'n classrooms, 
etc. Try sound intensities in hallways during class changes near air 
conditioners 5 at a fixed distance from various cars in the parking lot. 
Are carpeted halls quieter than those with hard floors? Also, in band and 
concert audi toriums?^ Compare the exhaust level of different automobiles. 
Random n otes, to t he Inst ructor . 
1. This might very well be split Into. two lab experiments. You could 



41 .S 



2. The ctlculatton procadure used to get 41 In the optib part Is not' 
exact. Jiowever, tt, Introduces little error and makes calculations 
simpler than trying to correct for dlffferences In light output .ot the 
two supposedly Identical lamps. 

3. Radio Shack sells a rather decent db meter for about $40.00. Scott sells a 
' much better one for about $100 (Scott Instr.Ubs. Cambridge, Mass.). 

4'. The control box for the audio intensity changes Is made of tvto " 

SOO-ohm potentiometers, m stereo headphone jack output, 2' banana plug ^ 
Inputs, and a SPOT center-off switch, preferably sprlng-lMded to the 
center position. The schaiiatlc Is quite simple; 





It may be necessary to use an Impedance-matching *1^ansformer before feeding '^tSf^ 
signal Into the headphone's. A 120-volt to 12-yol.t ^nament transformer worfs well. 
5. A Bunsen photometer 1s avatTable from several sources, or you 
_ - ■ ,f ' ' 

can make your own from a grease spot on a place of paper and two 

mirrors, or from two parrafin blocks with a sheet bf aluminum foil 

sandwiched In between. • . „ 
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Bunson PhotofTieter 

0 

Source 



mirrors 

0 

Source 



Thin Card 



eye 



Grease Spot Photometer 
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Sun 




Spot of Candle Grease onvThick 
White Paper 

Source 



. SCALE CONSTRUCTION ' 

Equfpmiftt Pocket Calculator - record player , ^ 

A. Eqtil tCTpered Scale ' ^ * 

An equl tempered scale divides the octave Into a fixed nwnber of 
intervals having the same frequency ratio. The most useful tCTpered 
scale in Western music has twelve equal half-st^ps or semitones of 
ratio r within the octave. With a fundamental frequency f^i this 
gives frequencies o^ f , rxf » r^xf, r^xf, . , . r^^xf. As the octaye 



1$ also 2xf, this determines r as r^^ ^ 2 or r ^ ' y^~r 



^059463094359295 which is by definition also 100.00 cents. 

(1) "iA$|uniing that A^"440 Hz is the standafd, calculate the frequencies 
^of to C|-l^e., those C's Just below and above A^ and all half steps 

between. \ 

(2) Find the frequency of-A^ and Cgt the lowest and highest notes on 
the piano. ^^^-^^ 

B. Pythagorean Scale ^^^^-^^^ % 

The* Pythagorean scale 1s defined by the followlo^ sequence 
beginning with the fundamental frequency f say for C^ ^^^^--^ 

a) ^2f ^ octave of Cg ^ " - 

b) tg down a fifth or | x 2f ^ |f ^ 

c) C. up a fifth or I X f - |f - G. 

s -313 q 

d) G- up a fifth & down an octave or y ^ ^ x if = ff - D - 

e) D^iup a fifth or|-x|f^^^A 
This gives the pentatonic scale (mode) 

f) up a fifth down an octave ^ 4 x i x IJ-f ^ |lf ^ E- 
4 ^ ^ AT 0L% 2 2 16 64 4 

g) up a fifth - f X - flff;- 

(1) Compute the frequencies of each note p taking f = C^ to be 
determined by the equi tempered scale.. 

(2) By looking up the cents equivalent to each intervals list the ^ . 
discrepency of each note from the equitempered note. 

Just Scale 



A major triad is a set of three notes with frequencies which s 

5 3 

tfe in the ratio of 4:5:6 or f, ^f, |f* ®*9' CEG. A scale can be \^ 
built from a frequency f 

(a) by using it as the bottom note of a fnajor triad giving CEG 

5 3 

with the frequencies f , ^f ^ yf. 
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ib) by using the G as. the bottofli note of % new triad giving GBD as 3f 
• 15^ 9 ' . . , 2 * 

(c) by using the C as the, top note of a triad to get FAC as |f , |f , f 

(d) Those notes lying outside the octave are moved by an octave (F and A 
up one octave) 0 down one octave to get CI , p|-j eI-, f-, g2. 

, C2 * a A' V V V 

(1) "Repeat parts Bl and B2 for the Jttst scal^ * 
CoBiparlson • 

1. Compare the scales by listening to recorded comparisons.) Verify that 
the most noticeable d1fference| In cents are the most noticeable aurally 
Which scale do you find preferable and why? 

Equltmepered D1v1s1ons^of the Octave ^ ' ' • . 

Equipment Pocket Calculator 
Description: , , " 

The octave can be broken Into divisions other than the standard 
twelve division^ If. one breaks , the, octave Into N parts then the equi- . ' 
tempered freque^les, must be f , f x D, f x D^, fD^, fD^, . . . fD^ where 



the frequency of f Is fundamental and f x 1s one octave hlqher 



N * 

0 ^ 2 or D 4 NyT". These members and their equivalent In terms of cents 

can be obtained from the Instructor for all N from 1 to 100." The higher 
^^-^Jfr^^'f^^y^^ D^, D^, etc. must be obtained by successive multiplication. 

However th4 cents equivalents may be obtained by multiplying the cents by 

m for the mth r\ote^--i%m page 130 Backus). 
Procedure- . 

(1) Choose some division of the octavr-other than 12. Compute the cents 
equivalent for each/ote (relativt to the fuTTdamental ) . 

(2) Compare the available notes to the notes on the equitlm^Bped scale 
(cents = 0, 100, 200, 300, . . . 1200) to see if they could be d1s^\ 
crminated by the ear. 

^J3) Compare the intervals also to %he just intervals to see if there would 
be a perceptible audible difference. (The frequencies and cent equi- 
valents for these are avanable from the instructor). 



s 



.Division of thi Octavft Into N interval^, TKe SBBitone ffequency «» 
.^M/^ Is coinputid and also ixpressed ii¥ cents. 



1 

2 

3 

' M 

f; 
r 

' f 

8 

10 
11 
12 
13 

m 

15 

le 

17 
18 
19 
20 
21 
22 
23 
i't 
25 
2C 
27 
20 
2n 

3t! 

.31 

32 

33 

3') 

35 

3C, 

37 

3G-' 

39 

m 

l| 2 
3 

MS 

M r 

'I 7 
TlU 
'♦9 
50 



1 .»*lit213,562373095 
1 . ?S9921 nii989i*073 
1 . 189?074150e.2721 
1 .1436^?a3SH9S703S 
1 . 1224620U8309373 
1 .'10^089513673012 
1.090 5 07732665 2 57 
1.08005973089230 6 
1.071773U62S3E293 
1 . 0C50U1089'4 399'g2 
1 . 0 594 65 o'9i4a,X;92'<)5 
, 1. 0547G607eueiG47 
1 . 0£n7SeC38t532i9 
1 . 047294122820627 
1 . 044 273782427414 
^1 . 041616010650584 
'1,0392 5 92 2603184 3 
l.e 37155 0 44 4 46192 
1 . q^35 26492.304 137 7 
1 . 033557783007028 
1 . 03200827073^21 
1 . 030595544750009 
1 . 0?930223e6434g2 
1 . 028113826C5B0Cr 
1.027018 05070077? 
l':\02600448470703i? 
1 Jo25064311965874 
l/o 2 4 189560248997 
^ . 023373891 9 Sfi77E 
1 . 022611435501 26C 
1 . 0218P714GF54117 
1.02122CG063153CU 
l.*0 2059590957950 r 
1.02b001f;09 4 2119': 
1 . 01 9440E4370214 C 
1 . 0189102044a52Cl 
'l .01840009327410 2 
• 1 . 0 1-7 931804337391 
1 . 0174 7'SC 921 0 20 8 (1 
1 . 017C497444it3'£2"7 
1 . 0 1 C C 4 0 4 3 9 3 9 1 9 3 [, 
l.OdC 25032519. 1552 
1 . 01 507 8 00 31 0 5 551 
5 S 2 2 5 1 2 5 0 4 2 7 5 

1'. oi>maci79 5n:!U3 

1.01485 ll^T-Ol 702 
1 . 014 54 5 334n5>fr^> 
1.014246 30 6967327] 
1 . 01395 94 797 9002 9' 



43 



3 4 



31 

72 



5" 
67 
16 



1200 

600 

4 0 0. 
3P0 

2 4 0 
200 
171. 
150 
133 . 

120 
109 

100 
92. 

as . 

8 0 
75 
7C . 

.6 6 
6 3 
6 0 

57 . id 

5 4 . S 5 , 
5 2.10 
5C 

48 
4 6 
4 4 
4 2 
41 
40 
38 
37 

3 6 

n r 
3 4 

33 
32 
31 
3 0 
3 0 



, 16 
4.5 

or 

36 
71 

r 

37 
,3 



2C 
71 

^ 71 

2r 

2i; . ! 



r 7 
0^ 



EKLC 



51 > • 1 . 013683S00322GG5 23 .53 

52 1 . 01,1.418 990 690 7 23 .00 

53 l,o!31CUm3024915 22. f5^ 
1.01291879472H3H7 22,23 

5 5 1 , 01 26 0 2U 24393701 ^ 21 . 82 
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* Fundamirrtal frequency ratios in music are defined j computed, and 
given tn .equivalent cents. ' • ' \ _ 
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j^^^^ y ' stWPLE HARfCN I G MOTION AND RESQimNCr ^ ' . . , 

Introduction: , , - ^ 

Hi^ye all seen examples of repetitive motion; waves moving toward 
a beach, the swaying of trees In the wind and many otheijs. Even more we 
havt haard the rt|uUs of such motion, such as sound waves from a vibrating 
violin string or from a vibrating drum. One >f the mpst faniiliar types_of _ 
motion which repeats itself is called simple harmonic motion (SHM), The 
simple pendulum and a nass on the end of a spring are. examples of SHM* An 
object executing SHM has a natural frequency. If a fo^ce is appliid to the 
, object in motion, it can be made-to vibrate at the frequency of the applied 
^ force. When the force frequency is the s^me as the neural frequency, the 
amplitude of the resultant motion can become qu^ite large. This phenomenon 
( is called resonance* . 
O^ctive: ^ " . . ^ 

The objective of this experiment 1s to familiarize you' with some of 
the^^igracteristlcs of SHM and resonance, ' ^ 

Theory: * ^ \ ? ' 

^/ Simple harmonic motion is defined as any^motion which results when . 
the to^al Iforcej F, on an object is (1) propartiona] to the objects distance 
X, from its equilibrium positipn and (2) directed toward the equnibrium 
position. This relationship can be expressed as . 
^ F - -kx ' ^ .0) 

where k is^the constant of proportionality between the force and the rfis- 
placement distance. 

When the SHM is due to the force exerted on a mass by a stretched 4 
spring* k is called the spring constant,. Thje distance from the equilibrium 
position of a mass executing SHM is a sinusoidal function of time. It can 
be thought of as the motion of the shadow of an object moving in | circle 
at constant speed (Figure 1) 




—t*^ ■. 



^ Figure 1 
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\ *^ Unless a spring is stretched 'so far that Eqn* 1 is wo longer true^ 
the tinia ior, p. rnass ta- cqrrtplete one cyclB of its motion 1s independent of 
the distance the |ass moves. The time for completing one cycle is a period 
.^-Qf the motion and is 'designated by T. The period depends only on the rnass^ 
in, of the moving object and the spring constant; ' " 



'T ^ ZiT MI^' 

The number of cycles completed by the mass in one sscond is the 
F* The period and the freqi^ency are reciprocal, 1,6.3 



(2) 



}quency. 



•F = 



(3) 



' The maxlmum'dlstance the mass^^^ioves from its equ1l1br1uni position 
Is Its amplitude. A, If a mass is displaced from its equnibriu/n position 
by 9 given distance and released, it will execute SHM with ah ar,3litude 
equal to its original displacement. This is the Ideal case. l\\ reality 
there are always frlctional forces present which cause the amplitude to 
decrease as time passes . 

Thus far only SHM with no driving force has been discussed. Consider 
a mass which has two forces, one due to stretched springs and one sinusoidal 
acting on It (Figure 2) S 







^JL£.£je^^ i 








\ Air TrAck l\ 



Figure 2 

* frequency of the 

If the^dnving. ( sinusoidal) force 1s not near the natural frequency of the 
mass attached to the springs, the amplitude of the resulting motion will %e 
siTiall. However, as the driving frequency approaches the natural frequency 
the amplitude increases rapidly. When the two frequencies are equal the 
amplitude is a maximum and resonance has bsen reached. 
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AppdraXus: 

Stopwatch or Timer 

Air Track ' ^ ^ * ^ 

Glider 

Two Springs 

Variable Speed Motor with Sinusoidal Drive 
Spark Source ^ . 

Set of Weights ^ 
Bi^lance • . ' ^ 

4' Magnetic Recording Tapa ' 
Spark Tapa ^ 
Roll 101- White. Paper 
String 

Procedure: , ' ' 

1, 'Measure and record the mass of the glidar. 

2. Determine the spring constant for each spring. This 
the arrangement in Figure 3 and recording the elonga 
as a function of the force strrtching it. 



can bc: 
tlon 0 



s clone 



cne 



spring 



E 



. ^ . Figure 3 

fteke a graph of force on the spring versu'4 its elongation. The spring 
constant is the slope of this gnaph. 

Using the arrangement in Figure 47" stretch each spring about 20 cm. 
Displace the glider about 5 m, from its equilibrium position and time 
at least 10 cycles of the motion. Calculate the period. Repeat using 
both largex^^and smal ler ^amplitudes. Is their any significant change 
In the.^tferiod? 




Figure 4 
m 

4. Compare the measured period with tlie period calculated using Eqn, 2. 
(You are using tv/o springs so what "is the spring constant for the 
motion?) ^ 



i 



0 
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5. , Set up- the SUm with tiio slnJGOidal ''^:'-\:/-ir.n force uS ?hov/n 
FigurG 2, Use a sn^all rrnplltiidfi, ^-S-KD crn,, fo; che driving /force , 
Adjust tiie fr-t^q^jancy cf t':c driving j'urca until r:j^U}fHnc:^ is reachp^d. 

6. Increase the frequericy of the cirlvifiy rurcu !:o luast tivice the 
resonant frequency. ' Lov/ar tho frequency^ in stops, recording the 
amglitude at each frequency. This^ recording may be done with the .spark 
timer. Tape a 'piece cf spark recordiiig ;:aper parallel to th: track 

on the top of the support beam below tiie track.. Center the spark papar 
^ on the equilibrium position of the glider. Wh^n you wish to ricord the 
amplitude simply put a piece of white paper over the spark recording ■ 
paper , and lower the bottom spark wire until it is just above the spark 
^ paper. If you pull the white paper through at a constant speed you 
will see that th^i^otion is sinusoidal and fron the number and position 
of spark holes you can measure the amplitude and the frequency. 
.7, Plot a graph of amplitude verses frequency and cohipare the resonant 
frequency with the. one maasured in part 3, 
Helpful HiwAs: 

f ' 

1. You can make a sinusoidal drive from the ^enco centripetal force ap- 
paratus. Take off the enclosure with the mass and spring and put a small 

^ nail in the vacant hole. Loop the string (the other end of which is 

attached to a spring) around the na1l. ^ The slight off-center position ' 



is enough displacement to drive the sysccm 

2. Try to find two identical springs v;hich wiirgive you a resonant 
frequency of at least 2 Hz. The Cenco aoparatus does not operate well 
upder about 1 Hz. 

3. If the driving amplitude is too large you may get some. nonl inear ef- 
fects, such as jump anpl itudes jdescribed in several of the references* 

J£2i Ji^y HlJls_iQi Qh t^ 

4, -A better spark recorder is described in reference 7, 

5, If ycu wish you can obtain a sinusoidal force drive from the Ealing. 
Corporation. ' -i 

f 

student Glider Sine Drive #CB33-0357 $30.00 ' ' ' 

Universal Gear Motor, #CE3#-31 52 $49.50 
Controller for Gear Motor #CB34-3160 $52.50 



1*^ The frequency of the motion can also be measured using the revolution 
J* counter on the apparatus. 

2'jj 
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PITCH 

f — 



There are, three primary sensations which descnibe a musical' sound: 
pitch, loudness, and timbre. Pitch is frequently described as the sensation 
of "altitude" or "height." The psychologist might define pitch as "that 
attribute of audjtpr^ experience which determines the posit'ions of sounds in . 
a psychological continuum from the lower to the upper frequency limit of .tonal 
^ sensation." To the musician, pitQh relates a sound to some note on a musical 
scale. ' 

' . ' Pitch 1s determined mfinly by frequency. 'However, there are secondary 
effects such- as loudness and timbre which might be expected to influence our 
sense of pitch; some of these will be studied 1n Part A of this experiment. 
Part B, which introduces some complex sounds whose pitch is not a simple function 
_ of frequency, will be of interest to the more serious student of musical acoustics. 

Part A: Pitch of Musical Tones ' 

In this part of the experiment, tl»e pitch of pure tones and those with harmonic 
overtones, such as'musical tones, will be studied. Three questions will be 
investigated: does pitch change with loudness? does pitch change with' timbre? 
how does vibrato effect pitch?. /' 

- These questions were intensively studied about 40 years ago by Harvey 
Fletcher at the Bell Telephone Labofatories, by S.^€. Stevens at Harvard, by 
Carl.-& Harold Seashore at the University of Iowa, and by others. The results 
of these experiments were in good agreement with the classical "place" theory 
of pitch perception developed by Ohm, von Helmholtz and von B^kisy. Attention 
1s called to a paper by Dr. Fletcher in the October 1934 issue of The Journal 
of the Acoustical Society pf America as well as books by von Helmholtz, 
Seashore, and von.Bekesy. 
1. Does pitch change with loudness? 

a) Using a reference tone of variable frequency at 40db to determine 
.apparent pitch, listen to tones from 50 Hz to 10,000 Hz at levels 
of 60, 80 and 100 db. 'Determine the apparent pitch of each tone by 
adjusting the frequency of the reference tone and switching back 
and forth. (If a frequency counter is available, the exact frequency 
of each tone can be determined with precision; otherwise the change- 
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in frequency can be obtained ft^om the oscillator dial even though- 
. the actual frequency is slightly di'fferer^t from the indication on 
the dial ) . 

Make a graph of pitch d'eyiatlon vs frequency (on semi-log 
graph paper) with three cMrves to represent the three. intensity 
levels. Use your own judgnient,to determine how many data points are 
necessary to obtain reasonably smooth'^cttrves. Interpret your results 
. b) Repeat the experiment of Part A using a tone rich in harmonics such 
=as a square wave or a sawtooth wave in' place of the pure tone. 
Interprie't your results. 
Does pitch change with timbre? ' !i 

Two methods will be outlined for mak>ng this experiment, the choice dkpendin 

on equipment available. 

a) Set a function generator to a given frequency, say 440 Hz, and listen 
to. all available waveforms (e.g. sine, square, sawtooth, pulse, etc.) 
If any difference in apparent pitch is noted, arrange them in order 
from highest to ^ov^(est. Repeat the experiment at 4 other frequencies 
perhaps 2 octaves up and 2 octaves down. from 440 Hz. Discuss your 
results. 

^ b) Using musical instruments or tape recordings of musical instruments, 
measure the exact frequency with a frequency counter, and also de- 
termine the frequency of the pure tone (at the same 'loudness level) 
which has the same apparent pitch. Discuss your results. 

What is the apparent pitch of a tone with frequency modulation (i.e., a 

type of vibrato)? 

For. a^source of frequency-modulated sound, use a dual function generator, a 
musical synthesizer, or a vol tage-controned function generator together 
with another oscillator capable of generating a low-frequency tone'. 

a) With a fixed modulation frequency of 7 Hz (ah "average" rate 'for ' 
vibrato used by both vocalists and instruro^ital ists) , vary the amount 
of frequency change (i.e., the "depth" of' the vibrato) from a full 
tone (±61) down to the smallest amount perceptible. Begin with a 
. center frequency of 440 Hz, but try several others as well. Determine- 
the "average" pit-ch by comparison withfa pure tone of the same 
loudness, and also try to estimate the depth of vibrato if you have 
a "musical" ear which recognizes small internals. 
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Measurlrig the actual frequency change Af may be fairly dif- 
ficult, and your instructor will help you devise a method which^ 
makes best use of the equipment available, N 
^, b) In this part of the experiment, the "depth." of modulation will be., 
kept fixed as the modulation rate is varied. Begin with a center 
frequency of 440 Hz and a frequency swing qf 1/4 tone (±lu5%). 
determine the apparent pitch and depth of vibrato (if you can) 
■ ' for modulation frequenctes of 35 4, 5, 6, 7,8 and 9 H^, Repeat 

for frequency swings of a semi-tone (±3%) and 1/8 of a whole tone 
(±0.7%). Discuss your results, 
c) What combination of depth and rate of vibrato did you find most 
pleasing? How does that compare to that used by most performers 
of music? 

Part B, Pitch of Complex Sounds 

Many of*^^he sounds that we hear do not cons^t of a fundamental note 
plus harmonic ovbrtones; yet our ears are able to assign a pitch to these sounds 
The manner In which this is done has been the subject of much research recently ^ 
but is not completely understandable, A good review of historical and current 
understanding of pitch perception is contained In a recent article by Wightman 
and Green ( American Scientist 62, 208 (1974), 

In this part of the experiment^ 4 different sounds are presented. These 
may be generated in the laboratory or they may be pre-recorded on tape. If a 
spectrum alalyzer is available, the sound spectrum should be recorded, since 
it Is important to understanding the pitch perception. If no analyzer Is 
available, the sound spectrum will be furnished the student. 
1, The first set of sounds to be studied 



consists . of a set of three pulse trains 
used by Seebeck in 1841 and described in 
the paper by Wightman and Green, In each 
case 5 the pitch is determined by com- 
parison to a pure tone as in Part A. 

One way to generate thert pulse patterns (in fact the. method used ''by 
Seebeck) is with a disc which rotates in front of an air jet in the manner 
of a siren. The pattern of the holes will determine the pattern of pulses. 



Another mithod 1s to do 1t electronically with "fTip-f.jop" circuits. 
Yet another method would employ a small digital ccmputeK plus a digital- 
to-anal ogue\onverter. ,. ^ ' fi^Ax: ■ 
2. When tones with frequencies of 600, 800, 1000, and f^Kz are sounded ■ 
together, the pitch that 1s^ heard is usuaiay 1dent1fi"^»» 200 Hz, because 
the frequencies presented to the ear-are harmonics of '^^iis>tTig" 200 Hz 
fundamental. This may be illustrated by recording or Itsfening to the 
sound of a musical Instrument after the signal has gone through a high-pass 
filter thaj surpresses the fundamental and possibly the secooS- harmonic 
as well. (This 1s not unlike what- happeris when music Is heaM on a tran- 
sister radio with a tiny loudspeaker that has 'Jjttle or no ablTity to 
reproduce tones of low frequency, yet bass, notes , are heard). 

Listen to the sound of a musical instrument as one after another 
of the lower harmonics is deleted. Does the pitch change? 

3. Bells, gongs and tympani have many overtones which are not harmonics of 
the fundamental. Identify the pitch of these percussive sounds, and see 
if you can relate the pitch you hear to the sound spectra. 

4. A very interesting experiment on pitch, first performed by Bllsen and 
Ritsma, is described In a recent article by B1ken and Goldstein (J. Acoustical 
Society of America 55, 292 (1974)). White noise is delayed, from 1 to 10 
milliseconds and mixed with the same undelayed white noise. The ear hears 

a rather faint pitch at a frequency 1/T, where t is the delay time. This 
is termed "monochotic repetition pitch" (MRP). Another version of this 
experiment (termed "dichotic repitition pitch" or DRP) supplies delayed 
white noise to the other -ear. Again a'pitch olf frequency 1/t is heard, but 
somewhat fainter. 

Either MRP or DRP can be generated by using a tape recorder with 
separate record and playback heads to delay the signal. If the 'spacing 
between the heads 1s fixed, then one delay time can be dbt=ained for each 
tape speed. The delay time is easily calculated. 
Part C. Inte^rpretation of The_5^e Experiments 

The student who wishes to pursue this subject further might wish to 
examine these experiments, especially those of Part B, in light of .different 
theories ofpitch. Is the classical place theory incorrect? Can it be 
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modified to agree with these results? Does the residue iheory of Shouten 
and others have validity? 

What are the "pattern-transformation model" of Wightman (J. Acoustical 
Society kn. 54, 507 (1973)) and the "optimum processor theory" of Goldstein 
(ibid 54, 1496 (1973))? What significance do the unusual sounds of Part B 
have for the musician? 
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POLARIZATION 



I. Introduction 

The effects of "polarization" were observed as early as 1669 by 
the Danish scientist Erasmus Bartholimus who noticed that crystals of 
Iceland spar (calcite) had the curious property of splitting a ray of 
light into two rays. The explanation of this .property was proposed by 
Young and Fresnel around 1820. This explanation was based upon the Idea 
of the wave nature of light. Before this time, those scientists who ■ 
believed light was a wave generally assumed that, like sound waves, it was 
a longitudinal wave. Young and Fresnel showed that if light were a trans- 
verse wave phenomenon, it would account for polarization. In a transverse 
wave, the wave motion is across and at right angles to the direction the 
wave is traveling. Thus the motion of the wave disturbance is not always 
in the same direction, but it is always perpendicular to the direction of 
propagation.^ If a beam of light has its wavelike oscillations in pre 
dominantly one direction rather than in random directions, it is said to 
be polarized. Thus a polarized wave is the simplest kind of transverse 
wave. An unpolarized transverse wave is a more complicated thing since 
it is a mixture of various transverse motions. 



s 





unpolarized wave 
on a rope 



verticany polarized 
wave on a rope 




horizontany polarized 
wave on. a rope 

The light which is incident on .a calcite crystal is unpolarized. 
The properties of the oalcite are such that is separates the unpolarized 
Jight Into two polarized components and transmits them through the crystal 
in different directions and with different speeds as shown below. 
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Although the property of polartmtion was discovered and then ex- 
plained in the nineteenth centuryj practical applications were not feasible^ 
because polarizing substance were scarce and fragile. One of ■ the best was 
"herapathite" or sulfate of iodo-quinine,, a synthetic crystalline material,. 
The crystals themselves were so fragile that there seemed to be no way^ 
of us1ng<them. In 1 928 Edwin H. Land, while still a freshman in conege. 
Invented a polarizing plastic sheet he called ''Polaroid". His first 
polar.izer consisted of a plastic film in which many microscopic crystals 
of herapathite were inibedded. When the plastic is stretched , the needle- 
like crystals line up in one direfctinn so that they all act on incoming 
light in the same way. ■ ■ ^ . 

When one places a sheet of this Polaroid materiarin a beam of light/ 
it will filter out all light with oscillations in other than one preferred 
direction as shown bqlow- 

If another sheet of Polaraid is placed in the beam of light and rotated / 
one finds that for a certaifv orientation , all the light Is eliminated, ./ 
Two sheets of Polaroid arranged in this inanner at rlght-^angles are said 
to be "crossed.'- 

Quite a nuniber of transparent substances placed between crossed 
Polaroids cause the ligh^ to be trafismitted again by the second Polaroid. 
Many such substances are opticaivh/ active, £^ example, quartz and sugar 
solutions, and when viewed botwcen crossed Polaroids, Wiey often produce 
strongly colored pattern::^, Shc^cts of cellophane and mica, silk, flax, 
cotton^ white hair, arid wool fibers frequently show optical properties 
of this kind and yield bedutifu] and varied color effects on rotation 
between crossed Polar'vjd . 
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n. Objective: 

In this experiment you will observe the various effects discussed 
above and make some measurements to determine the degree of polarization 
foy^ various configurations of the. Polaroids . 

III. Equipment: 

Light source^ Polaroid sheets, detector to' measure light intensity, 
celophane, tape^ protractor, 

IV. Procedure: - ^ 

1. Arrange your experimental apparatus as shown below- 



light source Polaroid ^ Detector 

What happens 'to the Intensity of the light when the Polaroid sheet 
is removed? 

2. Now^ place a second Polaroid sheet in the beam and rotate it until the 
maximum amount of light is reaching the detector. Record the intensity of 
the light when the Polaroids are in this pos'if4on. (The angle between the 
two is 0°). Now rotate the second Polaroid through various angles from 

0^ to 180^, Observe and record the intensity of the light for about 7 
or 10 angles . 

3. Arrange the Polaroids so that they are crossed, that is so that a 
minimum amount of light is reaching the, detector . Place a piece of cello- 
pha/ie between the two Polaroids. Observe what happens to the intensity of 
the light.. Rotate the piece of cellophane and note the results. 

4. Use the cellophane and coUophane tape to form a design with varying 
thicknesses of these iiidterials. Place a sheet of Polaroid material behind 
your creatioH and another in front of it. What effects do you observe as 
you rotate the polaroid in fi^ont:? In back? 

V. Othef Questions 

1. Using your data from ^rtop K above plot a graph of cos Q versus the 
intensity. 

2, For what angle does the maximum intensity occur? The minimum? Explain 
this In terms of what you h ivo learned abouj the process of polarization. 
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3/ What happens when the celTophane is inserted? Can you explain why 
, this would happen? 

4. Why are- polaroid lenses used in suntlasses?' Explain how they protect ' 
your eyes from sunlight, " - 

5. One way to achieve privacy in apartments facing e|ch other across a 
narrow courtyard while still allowing residents to enjoy the view of the 
courtyard and the sky above the courtyard is to use polarizing sheets 
placed over the windows. Explain how the sheets, must be oriented for 
maximum effectiveness, . ' • 

6. To prevent Car drivers from being blinded by the lights of approaching 
automobiles polarizing sheets could be placed over the headlights and^' 
windshields of every car. Explain why these sheets would have to be 
oriented the same way on every vehicle and must have their polarizing 
axis at 45° to the vertical. 

Notes To The Instructor: 

1. Light Source:, clear 150 watt globe mounted \n a housing with an ap- 
proximately 2 inch diameter aperture is a suffudenyy intense source; 
another source Is to use si Ide. projects for the^ beam of light. 

2. A photographic light meter is sufficiently sensitive for the detector 
although it proved somewhat difficult to use. An inexpensive photocell 
would be a better detector if a voltmeter, ammeter, or oscilloscope suited 
to the photocells output Is avail able. 

3; The light source, polarizing sheets and detector should be mounted in 
some way so that their relative positions could be held constant durinq 
the experiment, - / ^ 

4> Avoid placing the Polaroid materiaf very close to the light source 
to avoid damaging it due to heat. 

Equipment: . ' 

Polaroid Sheets 6" x 6-' pkg, of 4 -= $2.50 

Stock #60637 • . ; 

Edmund Scientific Co. ^ . " 

Barring ton, N.J. 08007 
Photocell: International Rectifier = $4.40 

Silicon S4M=C ^ ' ^ - 

High efficiency photovoltaic 
output up to 0.4 volts 
V up to 40 mA ) 
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• STEREOSCOPIC PICTURES . 

To make and study stereo photographs 
Description: , - 

i Because the eyes are separated" by a sman distance horizontally, 

imps perceived by each eye arrive from slightly different angles. This 
dilFfecence produces depth perception or stereopsis. The fact that the 
" braiRisees two slightly different pictures and fuses, them into a three 
' dimerrsional image (this pV-ocess is known as fusion) can , be used to produce 
stereo or three dimensional photographs. These stereo pictures are much 
used in aerial and satellite reconnaisance work. 

Stereo photographs are produced by taking pictures with tite different 
cameras set at a fixed distance apart. The same effect can be produced with 
one camera. A picture is taken; the camera is moved some distinct distance 
borizontallyj and, then, a second picture is taken. 

If available, the student should examine a set of aerial stereo 
photogf^aphs and, perhaps, a set of stereo molecular model drawings with a 
stereo viewer. With, practice some students may find that they can .observe 
the stereo effect without the aid of the viewer. The student should notice 
an exaggerated depth in the stereo aerial photographs. 

After examining the available phetographs and figures, the student 
should Proceed to create his own steref photographs. A simple Polaroid 
camera can be used to do this. The object to be photographed and viewed 
should have quite discernable and measurable depth (figures made from 
Tinkertoy% are excellent for this purpose)^ A phoigraphic meterstick 
should be placed directly in front of the figure to be photographed so that 
a scale factor can be established for the finished photos, The camera is 
to be placed approximately one and one half meters from tfie objects to be 
photographed. This distance should be roughly at least .ten times the depth 
of the figure being photographed. The student should record the distance 
from the ftgure, to the Tens of thp camera. After the initial picture is 
taken, the camera should be displaced horizontally to take the ^ernnd 
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To observe the 0mtt of the amount of separation between camera 
positions ''upon the s^^eo%cop1c Images a third photo with camera dis- 
placed even. furtherp needs to be taken. In this third picture. It Is recom- 
mended that the student should double ttie initial displacement of the camera*- 
If the InltiaK displacement was ten centimeters ^ in doubling this, the final 
camera posltlQn wHl be twenty centifneters from the initial camera position. 
Now one can compare the stereo effect with a camera being displaced two 
di fferent|d1 stances * 

If one knows the distance from the camera to the source^ the displace- 
ment between camera positions, and the scale factor of the resulting photo- 
graphSs'it is possible to make actual depth calculations of objects. 

An approximate formuVa to calculate depth or height of an object Is 
given by the following: 

» ^ u * u* image difference (scaled)- 

- height = — ------ — — ^— — ^ 

a 

u- g - - camera separation _^ 

^ distance from camera to object 

The scaled image difference is the only concept in the above formula which 
needs explanation. It is calculated from the pair of photos which constitute 
the stereo pictlire. .Assume one wants to find the depth from one point to 
another. Measure the distances between the two points on the individual 
photographs^ with a pomparator. The difference in these two distances is the 
image difference* The image difference needs to be multiplied by the scale 
factor in order to have the scaled image difference. The scale factor can 
easily be found from the meters tick In the photos. The depth calcuTated by 
.means of the above formula can ba compared with experimentally measLre depths 
of the real object. ' . / 

The formula for calculating heights in the stereo photos can be derived 
from the following figure; 
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L and K lndl cats cameras iap^ratad by som fixed distance/ One yrisfi^^ 
find tfie distanp bei^een the two points A and B, Point B appears to lj[e 
at B" according to the right camera. Point B appears to lie at B' according 
to the left camera. If the distance fro^ the cameras to the object is large 
compared to the depth AB and If the anglfr LRB Is approximately a right angle 
one has a situation of similar triangles/ ^he ratios of these similar 
triangles give the aforementioned fornjulas, 

7^^ QUESTIONS " ■ \ 

What creates the exaggerated dtpit|i of aerial stereo/ photographs? 

What is the effect of Increasing the camera separatl'on in viewing . 
stereo photographs? - * ^ ; 

Is there a noticeable differerice in the resulting image if the 
positions of theindivldual photographs are Interchanged? (i.e.), 
is it necessary that the picture taken by the camera In the right 
hand position be viewed by the right eye and the picture taken 1n 
the left hand position be viewed by the left eye; 'or can they be 
interchanged with no effect? 
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Technical Note: / ,• .- / 

Some students my be able to fuse^the pictures without the aid of 
the stereo vij^wer* Other students may never be able to fuse the Images 
Without the aid of a stereo viewer^ Inability to fuse thi Images 
student Is generally a physical eye: defect .k>iown as strabismus 




Equipment: 

Stereo vvewer (Edmund Scientific - $17.00) 
Comparator (Edmund Scientific - $24.00) 
Polaroid camera ($30*00) (Colorp'ack model) 

References 
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The Pinhole Camera 

PURPOSE : . , ' 

To construct and use a pinfiole camera for photography. 
INTRODUCTION : 

This laboratory experiment Is designed to give you a cheap thrill ! 
. AIJ^ you need 1s a discarHed, inoperative polaroid camera an Inexpensive 
polaroid camera), a roll of heavy-duty aluminum foil, sharp needles'*of 
various -sizes, a coiriparator , and polaroid filjii. Assembled as a piphole 
camera you have at your dIsposaJ k most humble imaging device which can 
do wonders as It creates unusuaJl and even dramatic effects with today's 
film emulsions. j / 

Rnd a beautiful model (yeal yea!) or a lonesome cow in the undulating- 
fescue meadow. (for you farmers'.) or even perhaps the sun setting in the 
solitary oak tree on boot hm (for you melancholy poetry lovers), and 
shoot-away, as they say in the "westerns'L ' 

CONSTRUCTING THE PINHOLE CAMERA: 

You can make a pinhole camera with a light-tight box and film sheet; 
however, it is easier and the photographs a,re more reporducible If you use 
a polaroid colorpack camera with the lens and shutter removed. With lens 
and shutter remo'ved, the square opening can be covered with heavy gauge 
aluminum foU and ^aped in place with black pastic tape. Be sure to check 
closely for light leaks by holding L|p fte camera to the light and looking 
Inside. After the foil is taped in'a place, a pinhole is made in its center 
with -a careful prick from the point of a needle. It is a good practice 
to place a piece of black felt over the entire foil and tape it along the ' 
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us# ^^Idftrlpod OP hold steady op pephaps tape your pinholt caiitera ' 
to a. table, Wlndowsll T, chAifpfQckrhr some other rigid ^pface. 

EXPERIMENTS : " . 

— — — V 

1. Optimum. Exposure Time 

Of course the exposure time for the film Is a function, of the light 
present. Tor example, film that would take three seconds exposur^e time ' 
In bright sunlight might fteed seven seconds exposure time 1n cloudy, 
bright light for optimum^ expopee. Again, as with optimum pinhole size, 
you win attack the problem with the trial-and-error method. 

Using a pinhole size of 0.25 to 0.35 mm, try exposure times of 5 
seconds^ 10 seconds, and 15 seconds using 3000 speed film. Which is the ' 
•^ptlmum exposure time? • 
2. Optimum Pinhole Size • ' ^ . 

If #e ay. *:ure, i.e., the pinhole, is too large the- image on the film 
will be blur- oecause the light from the subject is projected along several 
pathways causing a series of slightly displaced multiple iWts. 

If the pinhole is too small, diffraction patterns will occur at the ■ 
edges causing a significant degradation of the image resolution, i.e., 
sharpness. 

To find optimum pinhole size it is recommended that you make a linear 
row of multiple pinholes of different sizes in the same foil and photograph 
the sun. Use approximately O.U 0.2, 0.3. 0.4, 0.5. 0.6. and 0.7 m size 
pinholes. You.wm find that sewing needles with gauge sizes.no. 10 (measures 
approximately 0.45 mm at the center of shaft), n^'. 9 (approximately 0.56 mm), 
no. 8 (approximatery 0.63 mm), no. 7 (approximately Q.69 mm) or beading 



cam be usa'd without the customafy focus correction required for cameras 
using lenses. As a result there Is a total lack of chromatic aberration. 

The pinhole camera has no focal plane. This is not true for a camera 
wHh a lens. With a p^lnhole there is a continuous image plane which allows 
the film to be exposed any distance from the pinhole. This will allow you 
to enlarge any portion of the image by simply moving the pinhole further 
away from the film, The image size will increase with an Increase in the 
pinhole-to-film distance. 

EQUIPMENT NEEDED : - . ' . " 

1. Polaroid camera (approximately $30,00) colorpack model. 

2. Black and White polaroid film (approximately $3.00) , 

3. Sewing^ needles (sizes no. 7, 8s 9^ 10 ahd beading assortments). 

4. Heavy duty aluminum foil 

5. Black^^plastTc tapt 

6. Black felt cloth 

7. Comparator (approximately $24.00) 
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Technical Notes ' v 

The lens and shutter can be completely removed from the Colorpack ^ 
camera by removing three screws. The camera back is then available for 
holding the polaroid, film pack. The camera front comes off as one piece 
and can easily be reassembled on the back if desired. 

/ With a pinhole diameter of 0.25 mm the exposure time with 3000 speed 
film is approximately ten seconds. Exposure time will vary reciprocally 
with the square of the pinhole diameter. 

Remember that as soon as one film sheet is removed from the camera, 
the next 1s ready for exposure, so the pinhole muSt remain covered until 
you are ready. 
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^ ^ * TELEVISlfe OPTICS 

Object 1va 

The objectfve>f this experiment is to demonstrate some of the 
capabllitlas; and limitations of television systems 1n the formaWon of 
images and reproduction of/colors, ' 
^ Equipment Required , . . ^ 

A monqchrome (black and white) television camera ^Ith zoom lensj 
a color television camera with zoornlens, color television monitor, 
; ^llde projector, diffraction gratiag for projector, printed spectrum 
charts flood lights. 
Procedure ' 
Imaging: 

The televisioh camera can be likened to an ordinary camera In 
n which the film has been repla^d by the television photosensitive tube, ^ 
The image Is seen immediately on %hB screen of the moaitor (or receiver) 
Instead of on a photographic transparency or paper. For our purposes here, 
the Immediacy of television 1s a great advantage. It allows us to 
see what Image Is being formed by the system without waiting to process 
the film. 

The Zoom lens : ^ . 

The zoorn lens is a combination of lens elements which can be moved 
relative to each other to allow a continuous change of the effective focal 
length of the lens. It allows one lens combination to perform the function 
^ of several different lenses without the necessity of changing lens. 

Lenses are characterized by their ../Focal length. A small focal, length 
lens gives a wide field of view and Is catled a wide angle lens.' A ,large 
focal length lens gives a sfnaller field of view and 1s known as a telephol^o 
lens. 

Set the camera lens at the position of greatest focal length. Aim 
the camera at an object across the room and focus the image. Do not alter 
the zoom (or focal length) while adjusting for sharp focus. Without 
changing the camera oositlon or focus rntate thp ynnm mnt-rni Qinu/iu 



is happening* When you have reached the maxlmunip refocus to again get a 

sharp Image* , 

The depth of field Is ^he range of dis.tances from the carpera that 

an object is In i focus for a j^rticular lens and focUs adjustment* Measure 

the depth of field of the'zbom lens at maximums minimum an^ midway between 

settings of the tffectiye focal length. Do this for best fotus distances 

of 2 maters and 4 meters . > , 

Apirture and. Lighting: * 

If you can do so, vary the light level ■Erom Just enough for the 
, ■' - ^ I Ik . 

camtra to operate to very bright. Watch What ^ha^pens to cojitrast, sharp- 

/ ness, and depth of field/ These effects are due to the decreasing size 

of the aperture with Increasing light* A smaller aperture reduces the 

area of the lens that is being used and minimiies the abberations which * 

are inherent in images formed with lenses. 

Color: _ 

Make a slide which is opaque except for a central slit 5 to 10 mm 
wide. With a slide projector image the sljt on the screen, Plate a good 
diffraction grating right in front of the projector lens and adjust it to 
give a good spectHjm on the screen. You will need a very bright projector 
and a very efficient grating in order to have enough light for t^js 
experiment, v 

Look at the spectrum with the color television system, Compara 
what your eye sees with what the camera sees and reproduces, 

Nexts look at^^the printed speetrum with the color camera* Compare 
how it looks to your eye with the television picture* Vary the intensity 
of the illuminating light to see what effects that has on the television 
picture. 

Repeat the observations of the real and printed spectra with the 
monochrome camera. If possible use the monochrome camera to examine the 
monitor image generated by *the color camera. 
tions ' 
1) When photographing or televising a^scene in which the focal length of 
the len.^ will he r.hanaed. whv is it annri nrflrtir^ tn 7nnm 1n rlnsp 
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3) What colors /Of llghfdoei the colpr tele)^ Is Ion camera respond to? j 
The manochrome camera? 

4) How does the color television systSn reproduce colors in tTia light 
reflacted from obJectSi especially colors that are not well reproduced 
from the spectrum? 

Teghnjcal Notes . ^ 

Th§ spectra required In this experiment need to be very bright 
in order to ^e seen by the television cameras. We have been successful 
by using a lantern slide projector with a 1200 watt lamp as the source/ 
The slit width of 10 run is adequate, ' The grating was from the Educatton 
Absorption Spectra Kit Manufactured by Bausch & Lomb, cat. no, 33-80*10 
. (approximately $50.00). This grating provides about 200 times the in- 
tensity of the cheap (25$) gratings. 

A satisfactory printed reproduction of the spectrum is available 
from Kodak for $1.00* Ask for spectrum reprint H7-42. 

If the television equipment is unavailable^ or as a furthir inquiry^ 
this experiment can be carried out with a super 8 movie camera and pro- 
jector. If thiSsis done it is instructive and interesting to compare . 
different films. The spectral response of Kodachrome II (KA 464) and 
high speed Ektachrome 160 (ELA 464) are quite different and are interesting 
to compare, 
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4) Id^t Soupoes and Color 

oser To observe ohangss In the colors of objects when 
they are Illuminated by a variety of light sources 



Introduotioni Colbr plgmdnts reflect some waveler^ths (colors) 
of light and absorb others. The reflected wavelengths ^ 
all combine to yield the observed, color of that oblect. 
A wni to light source emits alt the colors of the SDectrum. 
ijunlight and most artificial- light sources plve a full 
spectrum of colors. The rBlatlve intensity (brightness) 
,of each color depends upon the kind of light source 

• . tiome other tyties of sources do not emit a full snectrum. 
Jslng a grating spectroscope - which Is an Instrument that diffracts 
each coior of light through a different angle- one can see 
tne color spectrum emitted by the source being observed. 

The relative intensity of bach wavelength of llffht 
reflected by an object and, therefore, its color lenends 
upon the character of the spectrum of the light illuminating 

Candle light is deficient In blue and vi^^^ light* ' 
so an object illuminated by a candle wi^ ref JeW reiatlvelv 
less blue and violet than rod and yellow; and $he obiect 
will nave a warnier color. ' 

. Neon gas lights, sodium vatjor lomDs. and mercury vanor 
lamps do not have a continuous spectru:,, of all the colors 
.They have only a fe'.; bands of color in their emission snectra 

Fluorescent ii-hts have a bright band SDectrun] eoTnbined 
vtluh a continuous unectrun from the -nhosnhor nowder Inside 
the tube. 

The human eye adjusta to those color shifts to some 
SAtent, and tnay are not always nor.iceable. Color film 
is more aensitlvo to these color shifts and allows one to 
compare directly the color of an object ?hoto;?raohed under 
dlfxerenu light soiiPcea. The almplest way of Indicating these 
ooior shifts la the concept of color tem^osrature. 

.pparatusi Polaroid camera^ (Colorpaek II, approx. 02?)rPolaroid 
color film (approx. meter otick, simple ^rating / 

spectroscope, aevoral light sources (sunlight, ffluoracent' 
iignt. Incandescent bulb, photoflodd lamp, candle, merrurT 
or sodium vapor lamr,, etc.), seisaprs, large painting or 
print with a full range of colors (Polaroid camera box h-s 
a nice spectruTn chart), . ^ ^ " ' 
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Procedures Using the Polaroid oamera and color film, photoD-raph 

a large painting or an arrangement of several ariall DalnSL^ 
wl?h ^ '^S^ of colors. Make- these phoiograpSs ^ 

with different sources of illumination. Be very car e?ul 
to eliminate light source gMre as seen by the LSerf TT^« 
the grating apectroscope to obaei^ve the color content 'of 

the ilSt* r^?f-. ^'"^ "^"^ ^°^der frm tSe Sigf of ' 
! *° eliminate a white reference source. lJsI / 
each pnotograph and compare the effect for e^ch .light source. ^ 

Questions! How does the color content of a li,.:ht source change 

the. colors one observes? ■fliat colors nra lost and what rnfnt., 

^%r?^????^ H^^^ "^^^ "Ght souJct? are b4t lo? 

an art gallery? Can one determine (oredlct) how color! 
appear-^hen Illuminated by a particular light source by 
^studying the spectrum of that source? Is t her ITe or relation 

cllor'shlft ^"^^Tr" °^ "e^* the overan 

coj.or shift of the photographs? , ^yoia^j. 
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, Notes to the Inatructori Polaroid Oolorpack II camera can be 

used iri this e:ipGrlinent and also In the plmiolo camera 'ex- ' ' 
perlnierit. It Invplves the renoval of only"^three screws and/^'; ' 
Is easily put back tofjether. Discount stores usually have 
tbose cameras for about ^10 less than camera stores. , 

The fluorescent lights already In the lab are th^'best; - 
source of fluoreaeeht light. A slide projectorj without 
slide of course. Is also a good source. -If neceaaary, you* ^ 
can wait until dark and use the mercury vapor lamps outside 
Kie exposure for dim light soui^ea vflll be long In time so ' 
^ a rigid support Is needed for ttie camera during the exposure. 

Hints for Obtalnlns Good Photosraphsj Sat correct lens distance 
for proper focus. Set film speod on camera to 75, Per 
low level J.lllralnatlon, use a rigid support for, the camera 
to avoid blurred photographs. Adjust the light "'sensor on - 
the front of the camera to .11 'hten or darken 'the photowraoh • ■ 
for correct exposure. Do not cover the li.Ght sensor or allovr 
the light source to shine directly Into. the sensor. - 

Referencesi "Colour, Its Principle's and Applications" Prederlck 
W. Clulow, Pountflln Press 1972, 

"Colour Science" W.S, StllaG and a. Wyszeckl, Wiley 196?. 

. "Color as Seen and Photographed" 'Kodak pamphlet #13-7l(.; ^'pl , 
Kodak pamphlet #H7!|.2 #1. 'v • 
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Extra yroj,eot 

f A blazed grating J Bausch and Lomb.Gat, No* 33-80-10, $li7) 

and a projector can be used to tDPoducG a brilliant spectrum 

I. Make a slide that has a single slit approximately $ mm. 
wl^Q a:id InGov^t 11: into the projeotor. Place the grating 
lia^ front of the lens and project the spactruvii onto a screen 

or large white surface. Use the^ Polaroid cs^nera to Dhotogranh 
this spectrunit 

QuestionGi VJhy are only three colora rc3CQrded by the 
photograph? Hovr is it possible for the film to record a 
yolloi^ object as yellov/ even though the film does not detect 
yellot^^ wavelengths of light? 

& . 

II. Take three SMall front surface uilrrors and place thsm in 
the spectrum* Use the?ii to reflect a nartlcular color of the 
apectrurii onto a oci^een or white sheet of paper* ^ 

Use tv;o or three mirroro at the sajne tine and overlap 
three reflections to generate other colors, 

Questions: Gan you i^ot all the second'iry coIot'o? Can 
you ijet v/hlte? How many colors must be added to get white? 



AUPIOMETRIC MEASUREMENTS ' 

EQUAL LOUDNESS CONTOURS 

The purpose of this experiment is to plot equal loudness (Flrtcher 
Munson) contours for your ears. Note that the curves presented 1n text- 
• books are "typical" curves, but your own psychophysical response may be 
different. 

Procedure : i 

1. Seat yourself about 5 or 6 feet from a loudspeaker with your ' 
back to the speaker. Place a sound level meter directly behind your head 
so that it can be read by your partner. Have him provide you with a 
1000 Hz tone of 50 db (on the C scale). 

2. Have him alternately, switch from the 1000 Hz tone to a 500 Hz 
and adjust the latter tone louder or softer until it appears to have the 
same loudness as the 1000 Hz tone. Measure the Sound Pressure Level and 
record on a graph. Repeat at frequencies of 60, 100, 200, 2000, 5000, 
10,000, and 15,000 Hz. Draw a smooth curve represefiting the 50 db loudnes 
contour (points on this curve are said to have a loudness of 50 phons). 

3. Repeat for SPL's of 30, 70, and 90 db. 

4. Change places with y(» partner and help him make a similar 
graph for his hearing. Compar^Ba two graphs 
PURE-TONE HEARING THRESHOLD 

A clinical audiometer, such. as the Beltone audiometer, is/most 
suitable for Lhis part of the experiment, but 1n the absence of^this. a 
pair ofitead phones connected to an oscillator via a switch can be used. 
A V U Level meter is also required. Most tape recorder amplifiers have 
such meters, which can be used in series with the oscillator. The head- 
phones should be the best acoustic type, which completely enclose the ears. 
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and reduce ambient noise, and the subject must be placed 1n a 1ow-no1se 
environment. Furthermori, it should be noted that the headphone = head 
enclosure 1s resonant, as can easily be seen by varying the oscillator 
frequency at constant amplitude, when the subject will hear a series of 
loud-soft tones. This may be avoided by using loudspeakers In a small 
anechoic chamber; but otherwise, try and avoid resonant frequencies. 
■ The switch should be quiet, such as a mercury switch, and a large resistance^ 
may be necessary in series with the headphones to reduce the Intensity to a 
low enough value without pickup or -hum being audible. 

Procedure : . - 

There are various psychophysical techniques that might be used for 
detennining thresholds with a manual audiometer, but the technique recom= 
mended for these measurements is described below: 

1. Give Instructions to the subject regarding the test procedure 
so that he knows what to expect and how to respond. 

Z. . Set the test tone selector at 1000 Hz and the hearing level 
control to its lowest setting and the tone switch to the normany off 
position. 

3. Place the earphones carefully over the subject's ears. 

4. Slowly increase the hearing level control while holding the- tone 
switch down (tone on) until the. subject responds by raising his finger. 

5. Turn the tone off and on again to 'be sure the jubj ect is 

responding to the Lest tone. \ ' 

6. After this level is established, lower the hearing level control , 
10 dB with the tone off and, at this point, use the tone switch to present 

a 2-second tone to the subject. If the subject does not respond (a "nay" , 
response), increase the hearing level 5 dB and present the g^second tone 
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again. The subject may respond at this point (an "aye" response). De- 
crease the level 5 dB, where the subject should repeat a "nay" response. 
Once more increase the level 5 dB, where an "aye" response would complete 
a series of 2 "aye" and 2 "nay" responses. The pure-tone threshold is 
taken as the hearing level control setting for 'the "aye" response. If the 
subject does respor^d at the beginning of this step when the hearing level 
control is lowered 10 dB, the level should be reduced in 5 dB steps until 
there is no response, and then repeat the threshold crossing procedure to 
establish the "aye" response threshold. * 

7. Repeat for test tones at 125, 250, 500, 20od, 4000, and 8000 Hz. 

8. Make a graph of threshold as a function of frequency. Is there 
evidence for significant hearing loss? 
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Appendix 2 
Simple Experiments 

j n trod uct ion 

Even^in this age of atom bombs and rockets, schools stilT have 
difficulty finding experimental equipment for their students. The 
following experiments were put together to see what could be done with 
the simplest, least expensive materials. The equipment can all be pur- 
chased at the nearest dime store - not even a stop watch 1s required, nor 
are you exhorted to "go down to the junk yard and pick up a 2000 volt 
transformer" as is done in some books requiring economy. In spite of 
their simpTe nature, the experiments are quite meaningful, and demonstra'te 
fundamental physical laws in a practical way. 

Equipment 

The experiments Involve only common rubber bands (about 3" x 1/16", 
if available), cellulose tafje (the cheapest, clear half-inch kind), regular 
paper clips (#1 are best), styrofoam or Dixie cups, and drinking straws 
(plastic, and preferably translucent), glass marbles, paper, blackboard 
chalk, a foot ruler with a groove down the center, provided to prevent 
the pencil rolling off the desk, coins, a pencil and scissors. It is a 
good idea to collect these simple Items and keep them in a box, so that 
they afe easily available. 



Expei^iment^SO: Longitudinal Waves '"^ 
^ MateriaVs.' - rubber bands, marbles, paper clips 

Instructions: = The aim of the experiment is to construct a device along 
which longitudinal waves travel slowly, so that the motion may be followed 
in detail. Connect sixteen paper- cl ips in a string using sixteen rubber 
bands, to provide a weak restoring force. To slow the longitudinal wave, 
attach two marbles to each paper clip with cellotape. 





BAND CLIP CELLdT^PE MARBLE 

Now, attach both ends to a firm anchor = you can fastert one end to your 
desk, and hold the other with your left hand.^ With your right, pull 
back the last marble and release. 

PULL BACK AND RELEASE 




Watch the compressive pulse travel along and be reflected/ We call 
it compressive because each marble moves in the direction' the wave travels, 
pushing the one ahead. After reflection; is the pulse compressive? It is 
often difficult to follow the pulse down the string, but 1f you watch the 
end marble closely, you will see it jerk, backwards and forwards e(ch time the 
pulse passes . g ^ 

A rarefaction occurs where the marbles move in a direction opposite to 
that in which the pulse travels = so if you move the marble away from your 
left hand before releasing, you get a rarefaction traveling down the system. 
Sound waves in air ar« composed of successive compressions and rarefactions. 
You have looked at reflection from a fixed end- Such reflections occur with 
sound waves in organ pipes closed at one end. Standing waves are built up in s 
pipes. You can simulate such a standing wave bv movinn th« h.,.^ .u. 




near the far end must be stationary. This is called a node. The marble 
In the middle moves rapidly, which is c%l-||d an antinode. 

To examine what happens if we have an open organ pipe, attach three 
or four rubber bands without marbles or paper clips between the far end 
of the string and the table. 



FIXED 
END 

LAST MARBLE SEVERAL RUBBER BANDS 
Now, If you feed in a compressive pulse, is 1t reflected as a compression 

or a rarefaction? Try producing standing waves You will find the end 

marble, which was stationary, now moves more than all the rest - so what 

was a node for a closed pipe, is an antinode for an open one. This ar= 

rantiement can also be used for transverse waves, but the soda straw device 

mentioned elsewhere, works better, / 

Torsional Waves 

If th^ device is hung vertically from a support, torsional waves may be 
generated by rapidly twisting the lowest rubber band by rubbing it between 
the thumb and forefinger. The bottom clip and marbles spin rapidly, and 
-pass this motion very slowly to the top of the chain. Here the pulse ^ 
reverses ^and the marbles spin in the opposite sense. Reaching the bottom, 
which reflects like an open ended pipe, the marbles continue to spin, 
and wind up in the same sense, the pulse again traveling up the chain 
and reversing at the top. This proves a dramatic demonstration of the 
difference between reflection at an open and closed end. 
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Experi men t4 fiTrans verse waves 
Materials = Cellotape, about two dozen drinking straws^ paper clips. 
Procedure - Attach one end of the cellotape to the table top, pull about two feet 
off and let it hand down 

TABLE TOP 




Place one paper clip in each end 4:f each drinking straw 



Stick the center of the straw at one inch intervals alone the cellotape, until 
you 




have about 24 of them attached. Nov^, looking ohd on at the straws, pull the 
cellotape reel, to make the striptant, and give the bottom straw a tap* You 
will see a transverse wave. 
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pulse travel up the strip, and be reflected at the top 



TRAVEL 



I 



PULSE 



tn9 



TABLE 



REFLECTED 
■pULSE 



1 



7 ^ 

5/ 



STANDING 
WAVE 



You mqy induce standing waves by rotating' the bottom straw too and fro 
with the right period. If y.ou unreel a length of tape, you may study reflection 
from a free end, just as you did reflection from a fixed end 



PULSE ^ 



i 



REEL HELD 
UNDER TENSION 



TABLE 



LENGTH OF TAPE 



PULSE REFLECTED 
SAME SIGN FROM 
A FREE END 



For the last foot or so of the tape, put two paper clips at each end. Now you 
can study the reflection of a wave traveling from a less dense to a dense,? medium 
(top to bottom) or vice versa (bottom to top). Note how, in each case, ../art of 
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» i .-V ^ <^ ^ ^- l" >=K 



»T <^ ^ f 



and 1n the other case it does not, 



T ? 



TRANSMITTED 
PULSE ^, 



REFLECTED 
PULSE 



LESS DENSE 



DENSE 



I 



INCIDENT WAVE 
DIRECTION 
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Experinien|/^f 'The Law of reflection of light. 

Materials: - Two dixie cups, soda straws, string, cenotape. 

Instructions: - 




Make a mark, as close to the center of the Dixie Cup at the inside of 



the bottom as possible. 




_ ^ -Mark 



Make a small hole, tie the string around the center of the straw and 
pass the string through the hole, pulling and taping 

over the bottom, so water wi 11 not leak-prut. Adjust the straw so that 
the string is exactly vertieal. Now -pour a little water in the cup, and look at 

O 
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reflection of the far lip is ^exactly on the rear lip. See if the string 
enters the water at this point. Examining the figure, yob can see that 
if this is so, by symmetry, the angle of Incidence on the water 1s equal 
to the angle of reflection. You can tilt the cup a little to adjust until " 
where' the string enters the water does lie exactly on the near Hp, and 
the reflection the far lip. Now, pour 1n some water, and repeat 
the experiment. This increasenhe angle of incidence. Repeat for ' ' 
several angles of Incidence. 

Qualitative Questions: - What does this sbow about the reflection of light? 
Quantitative Questions: With what accuracy have you shown the angle of 
incidence is equal to the angle of reflection? (estimate this from the 
tilt you gave the cup) 103? IS? or 1/lQI? 
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£?^pgr1fflfnfr5tThe refractive index of water , 

Material $ - Dixie cup {'as%ep! as possible).' pencil, ruler 
Procedure - - . ^ ■ 

Qualitative - Place a pencil in water in the cup. Notice it appears bent as 
, it enters the water, this is because the light travels more slowly in the 
le/ater, and rays of light are bent as they leave the water surfwe. 




itatlve : Draw a line straight across the middle of the 
Fill the cup to the br1m with water. 



e cup Inside, 



SEEN FROM ABOVE 




CUP 



Place a pencil point against the outside of the cup where the line appears to 
be and move the head up and down. Adjust the pencil until It Is at the apparent 
depth of the line. 
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Make a mark bn the ride of the cup. Measure the distance from the lip to the 
mark, and to ths hnttnm whoyo fha iino 1.1=^ 



SEEN FROM ABOVE 




PENCIL TOO LOW 



PENCIL JUST RIGHT 
(NO PARALLAX) 



PENCIL TOO HIGH 
What we learn 

The refractive ind«< 1s the ratio of the sine of the angle of incidence 
to the angle of refraction. For small angles, this becomes the ratio of 
the angles, as shown 

' i/r s d2/d] 

SURFACE 

WATER 




LINE 



Hence, the ratio of the depth from the brim to the line drawn in the cup. to 
the depth 'Of the pencil, is equal to the refractive index, which is 4/3 for wat 



ExparimenttS? - Optics'-Posltlvt and Negative Lenses 
Materials - Cenotape (clear), isoda straw, water 

Procedure - Stick a piece of cellotape flat over the end of a soda'straO^ and 
cut a piece 1 cm (about 1/2 Inch) long from that and. Place the cellotape 
over some object - a fU, or a printed letter - and fill the piece of soda 
straw, usmg^the longer .piece sucked full of waten 



1 cm 




CLOSE OFF END 
WITH FINGER 



PRESS TO PRODUCE DROPS 



CUT PIECE OF STRAW 
- CELLOTAPE 



WATER MENISCUS • 
STANDS HIGH 



object 



Make sure the meniscus stands^igh on the straw. Now, look down through the 
straw. You will see a magnified image of the object underneath. As the water 
leaks out of the bottom (or, you can soak up a little with toilet paper) the 
meniscus changes shape. When It stands high, we say it Is convex , Hence, 
a convex lens can magnify in the same way^as a magnifying glass , pr^oducing an 
Image larger than the object. As the water leaks out, the surface caves in, 
and we say it Is concave. Look at the object through the water now, and you 
see it appears much reduced In size like looking through the wrong end of a 
pair of binoculars. Concave lenses therefore give an image reduced in size. 
What do we learn? 

Q"aTi't| |1ve - Convex -lenses (bowed out) magnify 

Concave lenses (bowed Jn) give images reduced in size 



Quantitative - The ray trace of the system is shwn below 




LARGE VIRTUAL IMAGE 



y - the refractive 
the ratio of the speed 
of light In ^ir to that 
1n the mediurTi. 





ADIUS OF. SURFACE 



NO MAGNIFICATION 




"IMAGE OF 
REDUCED SIZE 



Look at the Uttle square below through the water lens. When the meniscus is 
convex 

□ H 



it looks like 




This is known as barrel distDrtion, because the square image is distorted to look 
like a barrel. Distortion of this kind occurs with all lenses having spherical 



EKLC 



surfacaSp sucN as this, 
changes and bgcomes pirftus 



the lens beGomis concave^ the distortion 
distortion^ so 




Experiment - Real lM%es 

Materials - As for pravious experiment, straw, water 

Procadure - Take the water lens from the previous experiment, and fill It until 
tha -surface 1s| convex (bulges out). Now, hold the lens vertically under the 
room I1ght» a f4w inches above a sheet of paper* Move the lens up and down 
until you get an image or picture of the light on the sheet of pa per;^' Because 
it actuany, lies' on the paper, this is called a real image. The Image is dis- 
tinct, but not very clear. Notice as water leaks out, (or if you soak up a 
little on toilet paper) the image gets farther away from the lens. We say 
the focal length (the distance from the lerjs where a point very far away 
focuses) is Increasing. Notice also that, as this occurs, the image gets 

bigger. ' 

What we let n ^ 

A convex lens can form a real image, as shown — 

In the case of our water lens, where the bottom 

surface is flat, we can calculate the radius of the 

top surface from the formula for a thin lens- 
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1+ J- = (u - 1) i 

where y - refractive Index of water =^1.33 
u = distance of object from lens 
' v ^ distance of image from lens 




LENS 



EKpfrimen^'^: - E^rgy Conversion Triboluminascinct 
Matarqals: - Canotipe 

Take a roll of cellotape Into a very dark room* Rapldly^ull a little off ■ 
the roll* Where the tape pulls off the reeU light 1s given out. Howevers It 
1s a weak sources and for such sources 5 the outer regions of the eye are mor^ 
sensitive, so dp not look directly at the rolls but about a foot or two away 




Qualitatfve: This effect Is known as "tribalumlnescence" see "The Flying 
Circus of Physics" Gl^ 

The bluish wolor arises because the rods of the eye are more sensitive to 
blue lights so all dim inum1nat1on appears bluish, since the rods are very 
sensitive to weak light. 



EXPERIM^I^f Rtfraction of ;^art1cles < 

Materials: Chalk dust, cardboard, marble, ruler, protractor (from expt, 

Method: Fold about 1" down the middle of the sheet of cardboard, as s 
and place the top part on a book. Dust chalk over the surface. 



2) 



RULER 




BOOKS 



Now roll ^he marble over the dust, down the ruler, from the same height, but ■ 
In different directions. 

Qualitative/ Does the particle bend.ln the samt way light would in going from 

air to water? Do you think light coiild be a particle, like the marble? 

itative: SnelTs law states ' 
sin i 



sin r 



^ const, 



Is this. true for the trajectory of the marble? 



/ 



/ 



©cperimlnti^^Othe rubber band guitar 

Materials? - soda straw, rubber band, cardboard s 
•Instructions: - stretch the rubber band" over the straw as shown (the ends of*^ 



the straw may be notched). A small piece of straw acts as V 
piece of cardboard ' V ' 



— bridge 




may be In'serte^as s 




J 



RUBBER BAND 
\ 



notch 



^jhese supports should 
^be pushed In until the 
* upper support does not 
collapse the card 




side view 



Does the guitar sound louder with or without the card in place? - 

Starting with the open band as "doh% place your finger on the band to 
shorten itr and mark on the straw the position of the notes of the octave. 
Are they equally spaced? Measure the distance of the marks from the 
bridge. Now divide the doh length 




"length. 

the ra length, the i4 by the mi, and so on. Tighten the rubber band a littlf 
Does the pitch go^up or down? 

Note: If you stretch a rubber band between your fingers and pluck it, it may 

go up or down in frequency, or even stay the same, as it is stretched. Think 

how the frequency depends on length, tension, and mass per unit length of the 
string to explain why this Is, Y 



pualltaWva- • You have seen how tKe pitch of a plucked -string depands on 
Its length. How much shorter must a string be to give the octave? The 
pitch also depends on the tanslon on thi| string^ ^ 
Quantitative: - The ratio of lengths, for successive notes, starti'ng*with*dot 
should be -89, -89, -95, .89, -^9, -gs. 

You will find this also on the guitar, notice that the big gaps are where the 
semitones (black keys on a piano) fit in. If you put in the seiriitone, the ratio 
is always .95 (17/18) between successive notes, leading to a ratio of 2 
for the dctave. 

Arrange, the bridge halfway along the string. The -two halves give the 
same notes (unison). When the ratio Is 2:1, the octave is heard - ' 
3:2, the fifth and 4:3 the fourth. Such ratios are pleasing to the ear, and 
called consonants. Pythagoreans thought these ratios had a nvsteric^l 
significance. " 
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Experiment 1 { The Way the Tension and Length of a Plucked String Affect 

Us Pitch. • ■ 
Materials: Two styrofoam (or Dfx1e) cups, string, marbles and a ruler. 
Procedure: Hang one cup from'tb'e string, as shown, passing the ^rlng through 
holes poked In the top on opposite sides, and pass the other end of the 
string through a small hole poked In the bottom of the other cup." Tie small 
knots In the string. five Inches, ten Inches, and twenty Inches from-A. Put 
ten marbles In the cup and pluck the string. Hold your ear over the cup, and 




B 




MARBLES 

':you will hear a clear tone, the string vibrating between A and B. Now, pull 
the string up until the 5 inch knot is at B, and pluck again, noting the pitch. 
Drop to the 10 inch knot and pluck again, and the 20 Inch knot. Does the 
pitch drop an octave in each case? If it does, the frequency also drops by a 
factor of two each time, since it is known, and we must assume that a not^ 
an octave higher than a second notp. has twi 




Now set the string at tht Id Inch knot and pluck It. Add ten more 
marblts, and drop the string until it gives the same pitch as before. Measure 
the new length of string from A to B, using the ruler. You' can go up and down, 
adding and taking away ten marbles until you get it right. What Is thd^w 
length? -Is It twice the old length? No, 'It ,1s much less, showing that If you 
double the tens 1 oii, ^the frequency goes up less than twice. In fact, the fre- 
quency should be proportional to square root of the tension. Now, we doubled 
the tension by putting in twice as many marbles, so the length of string | 
should be /T larger. Is 1.412, so the new length should be 14.12 incher. 

Find the length having the samf pitch for 10, 15, 20 and 25 marbles In 
the cup. Put the numbers in the table below. Do they agree with the calcu- 
lated values? If so, you have shown that the square root of the tension is 
proportional to the length of string for the same pitch, and we deduce that. 
If we keep the string the same length, the square root of the tension is 
proportional to the pitch. So we need hot twice, but four times the tension 
to make the pitch increase a factor of two, i.e. an octave. Try this oUt by 
putting as many marbles as possible in the "cup, and then reducing to one 
quarter. Dots the pitch drop an octave? 



- " — - - - 

Number of marbles 


»4iumber 


3.16 X /number 


Experimental 
length, inches 


10 


3.1622 


10 




IS 


3.8729 


12.24 




, 20 


4.472 


14.142 




25 


5 


15.8 





/ 



What happens to the pitch with a thick string? Attach three strings to the 
top of the lower cup, with, say twenty marbles in. Pluck the string. Now, spin 
the Tower cup. The three loose strings will wind around the one taut one, so 




OOSE STRINGS 



it is four times as heavy-^the m|ss per unit length is four times as great. 
Again pluck the string. What happens to the pitch? Take out marbles until 
you have the same pitch as before. 

Question: How many marbles must be removed? Is the pitch proportional to 
1/mass /unit length or ✓mass/unit length 
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Exper1min^62. Waves 1n Pipes i 
Matirials: Soda Straws 

Procedure: Take two str^s. Cut one in^ half. Blow across the end of aach 
^ tiibe. How does the pitch of the longer tube^ compare with the shorter; 

1, Does tha^pltch -go up or down with the length? 

2, Is a pitch change of an octave or a fifth giveft by a length 
of a factor jof two? 

Close the bottom end of the smaller tub^wlth one finger, and again blow across 
the top end. ' ■ 

3. Does closing a pipe ralse'or lower Its pitch? 

4. Does Its pitch change by an. octave? Is Its pitch the same as an 
open pipe twice the length? • . 

Why 1s this? 

J V 

CLOSED 

The closed tube. has a node at one end, a nCT^k fundamental node is one quarter 
of a wavelength. In this node, a1r rushes in and^ut of the open end, the 




motion d1minjsh1ng antll at the far end 1t is zero. The open tube^has a node 
at the center, and 1| half a wavelength long. 



■ J 



NODE 



To determine frequenpy threshold of hearing, cut a straw into shorter 
and shorter lengths until the frequency can no longer be heard on blowing 
across the top. The upper frequency is about 16,000 Hz, which is produced 
by a straw .41 inches long, roughly half an irtch. 



Experimenifl^B: Mus.ical Instruments using reeds. 
Material |: paper and scissors 

PT^ocedure: Take a six to 8% Inch square of paper and fold along one diagonal. 
Then open out and proceed to roll the paper tightly around a pencil' from one 
end of the diagonal crease to the other end, so titat the diagonal rolls along 
itself as shown in the figure. If a six sided pencil is used, do not wrap 
too tightly, or the pencil will not come out. Whsn completely rolled it should 
look like the lower figure. Push the pencil out and paste the last fold at A., 
or hold it in place with a rubber band or strip of cellotape. The ends of the 
roll will look_j^like the figure below. . 




A 
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Now from point marked B. at one end cut away on each side, in direction 
indicated by the small arr^ows, until the end piuce may be opened out into a 
triangle shape C. The cut^ must be at right anylcs to the main roll and are 
each a trifle over one third of the ci rcumforenco of tlie rolled tube. Now 



fold the triangle piece at right angles to the tube so that it forms a little 
cQver over the endi (see 4i gure below). Trim away a small part of the triangle 
on each side along the dotted lines indicated in sketch, but do not trim too 
close. Now place the other end of-the tube in your mouth, and, instead of blowir 
draw in your breath. This action will cause the little triangular paper lid 
to vibrate and the instrument will give a bleating sound. The noise can be • 
made louder by rolling a cornucopia or horn and put-ting on the tube as shown 
in the last figure, or the tube can be poked through a hole in the bottom of a 
styrofoam cup, to act in the same way. 



A 




^1 1 



v/ 



I. 



Qualitative: How does the reed work? 
This type of reed, in which the flap closes off the aperture completely, is 
known as a ^'beating reed", and is used in the clarinet, oboe and bassoon. The 
clarinet has one reed, and che obo©^ and bassoon two reeds beating togethe;^. The 
vocal cords are also similar. 



A puff of air is allowed into the pipe each time the flap opens and closes, 
and such sharp puffs have a lot of high ffequencies in them, in addition to the 
lowest frequency, or fundamental. Now, cut the corners'' off the reed, as shown 




(Take ciire that the reed covers the tube=-otherwi se it will not work). Does 

the pitch go up or down? The natural frequency of vibration of the reed^ (as 

with all simple harmonic motion) is higher the smaller the mass oscillating. 

Why does putting the horn over the reed make it sound louder?^ 

In a wind instrument, die reed is not free to vibrate at its natural 

'frequency, as here, but is forcnd to oscillate at the resonant frequency^ of 

■the tube of the instrument. The paper reed can only vibrate at a low 

frequency, so you would need a tube about three feet long to be able to bring 

the y^eed into resonance. If you have such a tube, you could_^try it out. 

We can examine the way the voice works using this device. The paper 

cup over the end of the tube has its own resonant frequency. The vocal tract 

(larynx, mouth) behaves similarly in the case of the voice. The resonance ^is 
at a high frequency, and tends to emphasize frequencies produced by the reed 

in this vic1nity--these resonant frequencies are called formants in the case of 
the voice, and determine whether you are saying "oo" or "ah", even if our voice 
holds the same basic fundamental pitch. 

While sucking on the reed, close the cup partially with one hand, then ^ 
open it again. Doing so alters the formants. and it is quite easy to get the 
device to say "ma ma" or even more difficiilt vowel sounds witli a little 
practice 
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Try cutting the tube shorter, and shorter. Does the pitch of the reed change? 
At what length does the reed stop functioning? Clearly, the air in the tube 
is necessary to the functioning of the reed, even though the length does not 
determine the pitch in the same way as it does for an open pipe. 



If 



cut 3 



cut 2 



cut 1 
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Experiment'C ^Combination tones 
Materials* - Soda straws 

Instructions: - Cut one soda straw two inches long^ and one 2 2/3 inches 
long. One has a pitch approximately 3300 and the other 2828 Hz. 
Now, blow them simultaneously as shown 



. / 

What do you hear? y 
Quantitative - in addition to the two tones, a third is heard. If ^ou cut a 
soda straw 8 inches long corresponding to the difference in frequency of 
the two straws 5 (b25 Hz) it rnay help you to hear this difFerent tone. 
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asonance in Sound 

Materials: Two Styrofoam or Dixie cups, straw, sheet of card. 

Procedure: Poke a hole with a pencil in the bottom of the cup, and insert about 
two inches of straw, as shown 



Attach it firmly by putting strips of.cellotape arbund the Junction. 
Now carefully insert the straw in\your ear, and cover the mouth'of 
the cup with a sheet of card. 
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Leave an opening for sound to getM'n as shown. You have probably, at 
some time or another, "listened to the sea" by holding a conch shell to 
your ear, and you will find you can hear the sea just as clearly with 
the cup as the shell, > What is happening i% that the cup resonate^^^ to 
a certain unique pitch or frequency. Just as the pendulum responds to 
oscillations of only one frequency, so the cup responds to only one 
pitch. So, of all the sounds in the room, you hear this pitch 
\^ greatly exaggerated. To find which pitch this is, ask someone to 
) sing or hum continuously from low to high. You will hear the resonant 
; pitch stand out, sounding loud compared with the .others. Now, the 

size of the cup determines the pitch,. so take a second cup, and put it 
over the.-first instead, of the card with e^odih gap between to let sound 
(or you can poke a hole through the base/I ^u will find it resonates 
at a lower frequency and, in fact, i t wtl 1 BM^out aTi- octave lower, 
because you have twice the volume of containel^^ You can also vary 
the resonant pitch by moving the card across the top. When the card 
covers most of the cup, the resonance is sharp, (i,e.,^that one pitch 
IS much exaggerated, or amplified) as the card is moved back, the 
resonance pitch becomes less sharp, until, when completely removed, 
there is practically no resonance at all. ' 

Qualitative questions: Why should a hollow container resonate in this way? Think 
about the way sound bounces around inside the cup, and the way, if you 
blow across the top of a bottle (or across the opening left when the 
card all but covers the cup) you get a note, which is^the resonant 
frequency of the device=-this can be used to find the resonant 
frequency of your cup-resonator instead of humming. 
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Resonance in Sound 
Page 2. 

Quantitative questions: The linear size of the cup is a fraction of the 

wavelength to which it resonates. Measure the size of the cud The 
frequency times the wavelength is the velocity of sound, so'trwhat" 
frequency does the size correspond? The velocity of sound. in air" 
IS 1100 ft. per second. Is the real frequency higher or lower than 
thisri (Remember, middle C on a piano has a frequency of about 
r'dbO cycles per second, and when you blow across a straw 6 inches 
long, open at both ends, it vibrates at 1100 cycles per second 




Experiments^ The string Telephone 
Materials: two styrofoam cups, string 

Procedure: Tie a knot 1n a piece of string, and. draw the string through a 
small hole in the bottom of a Dixie or styrofoam cup. Draw the string bet* 
ween the thumb and forefinger. 




Qualitative Questions: Are the vibrations generated longitudinal trans- 
verse? Wh^ does the cup appear to amplify the sound? Does the pitch go up 
and down as you hold the string tighter, and put more tension on ne string? 

Now, push the end of the string through a small hole in the oottom of 
the second cup. When you talk into it^ the speech is clearly audible in the 
first cup, even with a string ten to thirty feet long* / 




Qualitative Questions:l)Why does its sound travel better through the string 
than through the a1r72)Are high or low frequencies transmitted better? 
3) Does this depend on the tightness and density of the string the size of th 
cup? 4) Approximately how much more energy reaches the hearer's ear with 
the cup than without It? 



Flying circus of physics 1,9 
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